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A B ST R A C T
The present practice of reporting site invesitgations in areas 
of cohesionless soils, for roads, railways and canals in particular, 
is to produce a large number of particle size distribution curves. 
The value and meaning of such information is limited. To the 
Client it demonstrates that trial pits were dug and the soil was 
sieved, whilst to most engineers a well graded material signifies 
high stability and a uniformly graded one, low stability. This 
thesis examines cohesionless soil as a particulate system with 
the object of establishing a method of interpreting, in an 
engineering context,a particle size distribution; the simplest test 
carried out in routine site investigations.
Fundamental to a particulate system is the interaction of its 
particles and this is dependant upon their packing. Of the many 
variables which govern packing the two primary parameters, that of 
particle shape and size distribution are discussed in detail and 
their influence upon shear strength considered.
Using published results of porosity, shape and particle size 
distribution a simplified method of determining the minimum porosity 
of a cohesionless soil has been developed. It is concluded that 
this parameter can be successfully employed to classify cohesionless 
soil numerically and recommended that it serve as a basis for 
communication between Engineers.
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CHAPTER 1
INTRODUCTION
The purpose of this thesis is not to establish another system of 
classification for cohesionless soils. Its conception has arisen 
from the need for a numerical definition of granular soils which will 
permit a statistical analysis of these soils. This need is 
accentuated in the field of civil engineering where a continuous 
area of soil has to be investigated such as in highway, railway or 
canal construction. In this regard any statistical analyses carried 
out during the site investigation are generally done as a 
complementary task to terrain evaluation but evidence has been 
presented (Peronius 1978) that stistical analyses can be successfully 
applied without the need for terrain evaluation in certain 
circumstances. In which case it is of primary importance that the 
parameter (or parameters) so used, is significant in terms of one 
or more engineering properties.
A cursory look at the major engineering properties of cohesionless 
soils shows that no suitable parameter is readily available. The 
difficulties of measuring stress-strain relationships, permeability 
or relative density clearly show the inter-dependence of various 
parameters such as particle size distribution and particle shape, 
to name only two. Hence the need for an evaluation of the 
classification of cohesionless soils.
No attempt is made here to define "cohesionless soil" or "granular 
soil". Instead the phrase is left to assume the intuitive meaning 
given to it over the years, which is, lack of plasticity, good 
permeability and the shear strength derived from inter-granular 
friction, instead of interparticle adhesion.
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C H A P T E R  2
REVIEW OF THE DEVELOPMENT OF SOIL CLASSIFICATION SYSTEMS 
Several reviews of classification Of soils have been published 
recently, (Liu, 1967? Roderick, 1972) and there is little need 
to repeat these studies.
The reviews of soil classifications generally discuss the developments'- 
made by agriculturalists, geologists and engineers separately, yet 
it is reasonable to assume that each branch of endeavour had access 
to the literature of the other, and therefore a study in chronological 
order may prove rewarding, particularly if considered in the light 
of the development of soil mechanics.
Perhaps the first significant discourse of soils is that presented 
before the Royal Society of London on 29th April 1675 by John Evelyn. 
He recognised three layers in a soil profile and recommended 
methods of identification as well as their expected behaviour.
He also drew attention to the important fact that the properties 
exhibited by soil mixtures are not necessarily a function of 
the proportion of the constituents, but that some soil types 
exert a far greater influence on the behaviour of soil than is 
generally expected. It is not surprising that John Evelyn's 
dissertation had no impact upon the engineering world since it 
was yet to be a decade or so later that Sebastien le Prestre de 
Vauban (1633-1707) succeeded in raising the status of the "Ingenieur" 
to that of a professional title applicable only to scientifically 
trained technicians in public service in France. The comparable 
situation was achieved in England very much later.
In.fact, an inspection of the chronology of important.events in the 
development of geotechnology, given in table 2.1 readily shows that 
but for a few isolated cases it was not until nearly the second 
decade of this century (Hellan 1917) that geotechnicians began to 
understand the fundamental properties of cohesive and cohesionless 
soils respectively. Thus long before engineers could influence 5
the classification of soils the agriculturalists and geologists 
had prepared the basis of a system. This can be seen in table 2.2 
which gives important classification references.
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As early as 1867, Rittinger in his work on ore-dressing, suggested 
that a useful sieving scale would be one in which a ratio of the 
aperture width of adjacent sieves was that of J~2 (i.e. 1:1.414).
This important criterion was completely overlooked by contemporary 
agriculturalists and geologists. Although the early systems 
were within a similar order of magnitude their boundaries were 
random and often depended upon the methods of measurement of 
particle size employed.
In 1898, an American geologist, Udden, working on wind deposits, 
used a decreasing series in which each limit is 0.5 the preceding 
one. He later (in 1914) expanded this scale to encompass clay 
and coarse gravel.
In the year 1899, another American, Hopkins, proposed an agricultural 
soil classification of constant ratio based on a common factor 
of J 10 (i.e. 1:3.1623) starting at 1 mm. As early as 1892 the Swedish 
chemist Albert M.Atterberg began to turn his attention to the 
classification of Swedish soils for agricultural purposes. In 
1905 he published a rational classification for sand and silt, 
using a more convenient ratio of 10, however, he did find it 
necessary to commence the grading at 2 mm. Any sub-divisions were 
to be made on the basis of 2 x 6.32, which was rounded to
6. This was apcepted as the International System in 1914.
Some seven, years later the American geologist, Chester K.Wentworth 
being dissatisfied with the irregular usage of terms applied to 
elastic sediments, made a thorough study, which took into 
consideration the opinions of the leading sedimentologists of the 
day. ‘He published a grade scale and also defined class terms, in 1922. 
The major divisions he proposed were the same as- those of Udden 
and thus is based on the ratio 2 with the starting point of 1 mm.
In order to maintain a geometric series sub divisions of square 
root 2 or 4 square root 2 were recommended. These latter ratios 
were already in common use since 1910 when the Tyler series of 
sieves was first introduced. It is interesting to note that Archer 
put forward this same series with slightly modified class terms for 
use in the United Kingdom in 1970 when metrication gave us the 
opportunity to rationalise the geotechnical and materials 
classifications used in civil engineering.
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In 1913 the Swedish State Railways appointed a geotechnical 
commission (1913-1920) to study landslides and embankment stability. 
The work of this commission has proved to be a very important 
milestone in the development of soil mechanics. Until now engineers 
had failed to make an impact on the classification of soil. The 
commission had accepted Atterberg1s grain size classification but not 
his method of study of the consistency of clays, for which they 
prepared a cone penetration method. Another important step in soil 
mechanics was the publication of a text book on the subject by Karl 
Terzaghi in 1925. He too used the classification of grain size of 
Atterberg but employed additional sub-divisions, proposed by a German 
Committee in 1894, of 0.5 mm. and 0.05 mm. thus disrupting the 
geometrical series.
In 1930, Gilboy adopted, what is known as the Massachusetts 
Institute of Technology (MIT) grain-size scale, using the 
grain size limits proposed by Kopecky in Germany in 1914.
These are based on Atterberg's series with the major division 
of clay-silt and sand-gravel as 0.002 and 2.0 mm respectively, 
but the sand and silt grades are divided into the three sub-divisions 
of coarse, medium and fine. Glossop and Skempton after examining 
this system in the light of some geotechnical processes recommended 
it for use in the United Kingdom in 1945. It was adopted by the 
British Standards Institution in 1952 in CP2001 with the addition 
of a sub-division of coarse, medium and fine gravel.
In 1929, the Bureau of Public Roads (BPR) introduced a soil 
classification system for road design and construction. This 
system has as its basis the US Bureau of Soils (USBS) Classification 
of 1904 which was based on that of Osborne's of 1887- This 
is not a geometric series as Osborne based his limits on what 
size could conveniently be determined using sieving, an 
optical micrometer, elutriation and sedimentation methods.
Reasons can be found as to why the BPR did not give prominence 
to the need for a statistical analysis of particle size distribution. 
Firstly it was only about this time (Hatch & Choate 1929) 
that a convenient graphical method was developed for determining 
the geometric mean and the standard geometric deviation of 
logarithmically symmetrical data. Secondly, engineers preferred 
to use the more rapidly determinable uniformity coefficient of
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Hazen (1892) for comparison of particle size distributions. Thirdly, 
the road engineers placed most emphasis on practicality. Thus, for 
example, the sub-division of coarse and fine sand was to be the same 
sieve as that used for preparing samples for the Atterberg limit 
tests. In addition the division between sand and silt was to be that 
portion which passes the No.200 sieve (0.075 mm.) and settles 
out of suspension in exactly 8 minutes.
The Bureau of Public Roads grain size scale was adopted 
by the American Association of State Highway (and Transportation) 
Officials (AASHTO) in 1935 and by the American Society for 
Testing and Materials (ASTM) in 1944. Since their adoption 
they have received many modifications and revisions. Today 
there are differences in the major divisions of gravel- 
sand and sand-silt and also in the sub-division of the sand 
grade itself.
During the war the US Army commissioned Arthur Casagrande 
to develop a new classification system which was more 
appropriate for use in airport construction. This became 
known at that time as the Airfield Classification System.
In this system, soils are not only classified in accordance 
with grain sizes but also plasticity, uniformity and 
behaviour as a construction.material is taken into 
consideration. Casagrande published the classification 
system in 1948. In 1953 the US Army Engineer Waterways 
Experiment Station (WES), in co-operation with the Bureau 
of Reclamation, expanded the system and in 1960 it was 
modified to what is known today as the Unified Soil 
Classification System (USCS). This system of classification 
is the same as the ASTM but the terms 'silt1 and 'clay' 
are *used to distinguish materials based on their plasticity 
characteristics rather than, grain sizes.
In 1957, the Committee of the Highway Division of the American 
Society of Civil Engineers (ASCE) proposed a gain-size 
scale for highway materials. This again is similar to the 
Bureau of Public Roads as regards the major divisions, but
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sand is sub-divided into coarse, medium and fine grades.
In 1969 this classification was reviewed with a recommendation 
to make the upper size limit for clay 0.002 mm., for silt 0.074 mm. 
and maintain the sand at 2.0 mm.
As late as 1967 the Federal Aviation Administration (FAA) 
adjusted the AASHTO grain size scale with the exception
that it only considers material less than 2.00 mm. size and
has no minor sub-divisions. The major U.S.A. grain size scales
are given in figure No.2.1.
On the continent, in 1959, the Swiss Association of Standards 
published a soil classification system based on the 1-1.1.T. grain 
size but utilising the USCS method. The French Central 
Laboratory for Bridges and Roads (1965) also use the MIT 
grain size based on the USCS method, but have modified the 
limit between silt and sand from 0.06 to 0.08. The Germans 
too favour the system used in the United Kingdom, but do 
not sub-divide the silt grade. The European grain size scales 
are given in figure No.2.2.
To summarise, the British and Continental systems of
classification, shown in Figure 2.2, come from the MIT and the chemist 
Atterberg while the major American grain size scales shown in figure 
2 . i  are based on the Bureau of Public Roads which stems from the 
US Bureau of Soils and the work of the agriculturalist, Osborne. 
Excluding modifications, the basic British and Continental 
system is founded upon a metric scale with the starting 
point of 2 mm. and sub-divisions of 2 x j 10 = 6.32 which was 
rounded down to 6. A rounding of 5.4% which is considerably 
more than that employed in the British Standard No.2045: 1965 for 
Preferred Numbers which uses a maximum rounding of +1.26% and 
-1.01%. The scale therefore cannot be regarded as a geometric 
progression. Hogentogeler in 1937 stated that one of the 
advantages for the Bureau of Public Roads to use the US Bureau of 
Soils system was that it would facilitate the use of their soil 
survey information. Thus the major American systems of 
classification are also not a geometric series having initially 
adopted the arbitrary divisions of the agriculturalists.
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It is necessary to mention a system of classification of granular 
soils developed by Prof.Burmister (1962). His approach varies 
from the generalizations of the 'official1 classification systems, 
while he has not utilised a geometric series he has attempted to 
relate soil identification to engineering soil performance and 
expressed the following view. "To evaluate and to establish 
reliable adequate dependence relations, it is essential to identify 
and to name granular soils with the same completeness, clarity, and 
preciseness as has been done with chemical names and formulas."
His definitions of identification terms for granular soils are 
reproduced in figure No.2.3; in addition three independent grain 
size parameters are to be derived.
(i) Effective sizes passing 10% and 50% (D1Q and D5Q)
(ii) Effective grain size range, expressed as the number of soil 
fractions coarser than subtended between o% and 100%
passing of the line of mean slope on a grading curve.
(iii) The type of grading curve defined numerically but expressed 
by letter designations. These parameters which are 
reproduced in figure 2.4 were then related by tables and 
graphs to performance ratings for influences of soil 
character upon
(i) packing characteristics
(ii) in-place compactness
(iii) permeability
(iv) consolidation stress-strain
(v) triaxial stress-strain.
Burmister1s method is little quoted in the literature. This may be 
due in part to the tremendous detail given in the graphs, but 
probably mainly caused by the large number of variables involved, 
which does not only make the method time consuming but also difficult 
to understand by other engineers not solely devoted to geotechnical 
engineering.
To this end Dumbleton (1968) put forward a suggested revision of 
the British system of classification where he not only attempted to 
iron out anomalies of the system in current use but also he
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attempted to develop a simplified shorthand for soil description 
which would be readily understood by all branches of civil 
engineering. Regretably this simplified system lacks precision and 
the need for a method of classification which lies between these latter 
two is yet to be devised.
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C H A P T E R  3
A SUGGESTED REDEFINITION OF THE GRAIN SIZE SCALE FOR SAND AND GRAVEL
The examination of the development of the classification
systems in the light of the development of soil mechanics
has shown that as a result of the late understanding of
the engineering properties of cohesive and cohesionless soils,
engineers inadvertently adopted methods of soil classification
which it has found necessary to revise and modify as the
science developed. The adoption of the USCS method is a
good example, it put an end to the debate whether a soil
was a 'clay' or only ’clay size' and gave an engineering
meaning to the fines passing the No.200 sieve.
The continued debate over soil classification however, seems to
indicate that there remains a more fundamental reason why engineers
find it so difficult to operate within the systems adopted.
Agriculturalists treat cohesionless soils as a particulate medium/ an
agency composed of discrete particles through which water and
nutrients are transmitted. While geologists regard it as
a particulate assemblage and examine the mineralogy and
order of deposition in order to establish the genesis
of the particles and the nature of the environment at the time
of its formation. In contrast to these two points of view
the engineer regards cohesionless soil as a particulate
system, a group of interacting particles. It is the duty
of the Engineer to predict the response of the particulate
system when it is subjected to stimuli or a change of condition.
It is for this reason that the basic classifications of the 
agriculturalist and geologist is proving incompatible with the 
needs of engineers. This is particularly so with the cohesionless 
soils. A typical example is revealed to everyone who has travelled 
in the desert. Two aeolian sand deposits, which under the existing 
systems will be classified as being exactly the same, can have very 
opposite responses to vehicular traffic. It is expected that an 
engineering classification would reveal this difference.
A radical change in the existing system would mean the loss of 
a substantial part of our geotechnical heritage, which cannot
-  1 9  -
be contemplated. However, what can be considered is an examination 
of the particulate system. Attempt to understand the interaction 
of discrete particles and then begin to build into the existing 
system, perhaps by means of correlation analyses, factors which 
would add an engineering context to the system. In this manner 
the exactitude of the system can progress with the advancement 
of the science.
The ASCE in 1969 put forward the argument that statistically
valid differences between particle size analyses for small differences
in particle size cannot be determined by current testing
procedures and therefore the difference between 0.06 mm,, 0.0632 mm.
or even 0.075 mm. is insignificant as the standard deviation of the
test result is high.
This argument is not acceptable, since the particle size distribution
is a continuous distribution the divisions and sub-divisions are
inevitably arbitrary, but their definition irrespective of the
reasons for them or the practicality of their measurement,
should be constant. It is for the engineer to appreciate
the errors involved in the method of measurement and interpret
the test results according to his judgment of the situation.
It is however felt necessary to redefine here, the soil fractions 
currently in use, in order to establish a geometrical progression 
within the framework of the existing systems.
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The following scale of grades and class terms are proposed.
Sieve Size
mm
Grade Scale
mm
Class Term 
(Soil Fraction) 
mm
300
212
150
106
75
53
37.5
26.5 
19.0 
13.2
9.50
6.70 
4.75
3.35
2.36
1.70 
1.18 
0.850 
0.600 
0.425 
0. 300 
0.212 
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75
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1.18 
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0.075
0m
Ll
0
0
o
S
2
•H
to
to>
0
£
•Hto
0
0
Ll
0
0
o
e
£
•H
0£•Hto
It is also suggested that these definitions of soil fractions be 
employed in conjunction with terms defining the -proportions 
present in a mixture as proposed by Burmister and given in 
figure No.2.3
The advantages of this classification is explained below.
1. The lower limit of sand is the 0.075 mm (No.200) sieve.
This is in keeping with most of the major classification systems
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in particular, that of AASHTO, ASTM and the USCS systems 
which are the systems being adopted by the majority of the 
developing nations of the world.
2. The upper limit of sand is 4.75 mm. which conforms to 
the ASTM and USCS systems.
3. The upper limit for gravel is extended to 300 mm. or
12 inches. While most civil engineering materials specifications 
only call for 75 mm. maximum size, the construction of large 
earth dams do call for 'rock' fill and engineers would 
welcome the material as part of a comprehensive classification 
system.
4. The system is a geometrical progression and hence 
divisions of equal significance based on actual sieve 
sizes. The ratio of the coarsest sand particle to the 
finest (63:1) is the same as that of the coarsest 
gravel to the finest (63:1) within the rounding of 
the preferred numbers. (Renard numbers) upon which 
sieve sizes are based.
5. Sub-divisions are also of equal significance
and designed so that the class mid points are represented 
by a sieve size, making the plotting of a graph not essential.
6. Class terms or soil fractions are coincident with sieve 
sizes. Considering twenty UK and internationally used 
specifications for materials, the series of sieves chosen 
are all represented. It is interesting to note that only 
two sizes - the 0.85 mm. and 0.106 mm. are not required.
7. The terms such as 1 some1,'’little1 or 'trace1 cease: to be 
subjective phrases but carefully and simply signify proportions 
of the constituents of a cohesionless soil.
The disadvantages of the system do not appear significant.
1. The sub-divisions do not conform to current British • 
practice which has been in use for more than a generation. 
However, this affects terminology and not specifications or 
geotechnological principles. Since soils are generally 
mixtures of several grades their descriptions are rarely 
simple and the new definition is likely to be masked in the 
compound description of a soil and unlikely to greatly 
confuse an engineer accustomed to the use of CP2001.
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2. The full scale employs a total of 25 sieves, which is 
a costly requirement for laboratories to fulfill. However, 
this need has arisen from the numerous specifications in 
current use. Essentially, only the sub-divisions and the mid 
class sieves will be required, a total of eleven sieves.
Sieves greater than 75 mm. will have little call as slide 
callipers can be used instead. It is unlikely that fewer 
sieves can be used in the normal course of site investigation 
as this may lead to overloading of individual sieves or 
unsatisfactorily small samples being tested. In either 
case the precision of the sieve analysis would be affected..
Much attention has been given here to the lack of a geometric 
scale of soil fractions. This is not only due to the nicety 
of having size fractions of equal significance but more so to 
facilitate the calculations of statistical parameters of the 
distribution of particle sizes. The need for these parameters 
was initially considered important but later during this study 
was- found not to be so.
At this stage a hierarchical classification of particle size 
with class intervals of equal ratio has been established. It 
is necessary to examine this classification in terms of some 
desirable properties of a system of classification, such as:
(i) Simplicity - the system should be easily applied and
understood.
(ii) Objectivity - independent workers should reach similar
conclusions.
(iii) Stability - the classification should be robust against
errors in the data.
(iv) Productivity - it should allow for the prediction of
varieties in new data.
(v) Numeric - it should be quantitively descriptive in a
form which is capable of further statistical 
calculations.
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Certainly the system meets the first three properties but not 
the latter two. The classification serves no predictive value 
in an engineering context and until such a parameter or 
parameters can be established a numeric definition cannot be 
determined.
It has been said that a classification cannot be true or false, 
probable or improbable, only profitable or unprofitable,
Williams and Lance (1965). It will be shown later that the 
distribution of particle sizes of cohesionless soils is 
primarily a continuous distribution. Thus its disection into 
a system of size classification should be made on an engineering 
basis if it is to be predictive. Any other system is arbitrary 
and unprofitable. Of course a classification does not have to 
be profitable but the author does believe it worthwhile to 
attempt to make it so, particularly as the lower portion of 
the size scale, i.e. cohesive soil, is.
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CHAPTER 4
SOME CONSIDERATIONS-OF DEFINITION OF A PARTICULATE SYSTEM
A particulate system is made up of numerous discrete particles.
In its most general form each particle can be described by its 
weight and volume. However, to define a particle in terms of 
it's physical properties it will be necessary to know its
(i) shape
(ii) size
(iii) surface texture, and
(iv) specific gravity.
If the particle is to be described in a mass of particles then too 
must be defined
(v) its location in space and
(vi) its orientation in space.
The definition and measurement of particle size and shape is 
discussed in Chapter 5. The measurement of surface texture at 
this time can only be done practically by the moisture absorption 
of surface dry particles (AASHTO T-84) or perhaps the more 
sophisticated saturated air technique of Hughes and Famili (1970). 
The author believes that the use of penetrants as applied in 
industry (Bet2 1963) is a fruitful field of investigation of the 
surface properties of cohesionless soil.
At this stage in time the determination of the location and 
orientation in space of particles must be regarded as out of bounds 
and instead a mass of particles are studied in terms of its bulk 
density. It must be pointed out immediately, that while this 
appears the only practical method to use, it relies heavily upon 
the. assumption that the voids in the mass are evenly distributed. 
Graton and Fraser (1935) had this to say: "It is highly important
to note that haphazard packing, once established in the midst of 
an assemblage within a rigid container, cannot as a rule, be 
completely eliminated and translated wholly into one or more
systemmatic types of packing .......  Openings more than large
enough in every direction to accommodate a whole sphere may be left 
entirely unfilled." Dunstan (1972) also quotes that "Johansson in 
a thorough review of measurements made on natural deposits, shewed
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that nearly all sands and gravels have anisotropic packing 
characteristics irrespective of their mode of deposition11. Thus 
while engineers refer to the porosity or bulk density of a 
particulate system what is strictly meant is that "the porosity 
or bulk density state represents a group of states of packing, and 
not a unique state of packing". (Kolbuszewski, 1965).
The Density of a Particulate System
Sand is the product of degradation of rock. Its maximum density 
therefore can only aspire to the weighted specific gravity of its 
constituent particles, but will never equal it. At the other extreme 
there is a minimum stability at which the particles can remain at 
rest, this is the minimum density condition. Thus, a particulate 
system is characterized by a scale of densities.
Methods of Expressing Density
The stability of a particulate system can be expressed on a purely 
volumetric basis, a gravimetric basis or a combination of the two.
The formulae in common use expressing density and their inter­
relationships are given in figure 4.1. On a volumetric basis, four 
ratios are used:-
(i) Degree of saturation (S^ ). The ratio of the volume of liquid
to the volume of voids, usually expressed as a percentage.
(ii) Void ratio (e). The ratio of the volume of voids to the 
volume of solids, generally expressed as a decimal.
(iii) Porosity (n). The ratio of the volume of voids to the total 
volume, usually expressed as a percentage.
(iv) Solidity (q). The ratio of the volume of solids to the total
volume usually expressed as a percentage.
Sands are generally free' draining materials and the degree of
saturation which indicates the percentage of voids that are filled 
with water, can only satisfactorily be applied to well-graded 
silty sands. Porosity is frequently used but has the disadvantage 
that it is an inverse concept of density in that the greater 
the porosity, the lcwer the density. While this also applies to 
Void ratio, this concept is generally preferred when dealing with 
the compressibility of sands since here only the numerator changes.
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Note :~
If Vs = 1 then 
Vv=eand V=1 +e
Volumetric
Sr = V LVv p  -e “  Vs n =
Vv
c i -  v
Gravimetric
m  W s  
In te r- relationships
Combinations
» =W
n=1-
H d  
2fd
-1
SG
q JfrL
q SG
e = n
1-n
n = 1+e
q=ii
Sr = -JDOlSG 
e
n = 1 -q
q=1-n
Legend
iSr = Saturation e = Void ra tio  
q = Solidity m=Moisture content 
iTd = Dry density Gs -  Specific gravity
n = Porosity 
y=  Bulk density
Figure 4-1 SOIL PHASE DIAGRAM AND FORMULAE FOR THE
EXPRESSION OF SOIL DENSITY
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It is somewhat surprising that solidity which indicates the 
concentration of solid matter is not in common use presently. It 
has the advantage that only the denominator changes during the 
compression of sand, its concept has the same sense as density 
and its numerical value is easily appreciated, since 100% of 
solidity is the specific gravity of the solid matter.
Since air is weightless, there is only one gravimetric ratio - 
that of moisture, content.
(v)- Moisture content (m) . The ratio of the weight of liquid to 
the weight of solids, generally expressed as a percentage.
This concept has similar difficulties of application to sands 
as the degree of saturation.
iThe combination of volumetric and gravimetric methods leads to the
two common density concepts. '
(vi) Bulk density ( # ) . The ratio of the total weight to the total i
volume. i
(vii) Dry density ( X j ). The ratio of the weight of solids to the 
total volume.
While these two density concepts are in common use on construction 
sites their usefulness is strictly related to a specific sand and 
cannot be used for comparative studies unless the specific gravity 
of the solids is known.
The fact that sand is characterised by a minimum and maximum density 
has led to the concept of relative density measures. There are two 
terms in use.
(viii)Relative density (Dh ). The ratio of the difference of the 
maximum void ratio and a specified void ratio to the void - 
ratio range of that sand. Relative density can also be
calculated directly from densities.
(ix) Relative dry density (Ddr ). The ratio of the difference 
between a specified dry density and the minimum dry density to 
the dry density range of that sand.
(x) Relative porosity (N^ ). The ratio of the difference between
the maximum porosity and a specific porosity to the porosity 
range of that sand.
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(xi) Degree of Compaction (Dc ). The ratio of a determined .field 
‘density to a defined maximum density. It is also the ratio
of relative dry density to relative density.
(xii) Compactibility (Dcc ). The ratio of the difference of the 
maximum and minimum void ratio and the minimum void ratio.
These density terms are summarized in Table 4 !  below.
Relative Density (Dr) = ® max !  min x 100 or
_ #d max (ftd-ftdmin ) 1nn
J d (a dmax-admin)
Relative Dry Density (Ddr) = x 100
Degree of Compaction (Dc) = x -*-80
*Relative Porosity (Nr) nmax-n x
nmax-nmin
Compactibility (Dcc) emax-emin
emin
*Nr = 100% is the loosest state
Table 4 !  Terms of Relative Density.
Due to the inherent inaccuracies in determining the limiting 
densities and the simpler concept of the relative dry density, it is 
often used interchangeably with relative density. The maximum 
difference between the two parameters occurs at the middle of the 
density range and is typically of the order of 5% relative density.
These latter concepts of expressing density are particularly 
sensitive to the accurate measurement of the limiting values, since 
they are ratios of small differences in large numbers. Great effort 
have been made over the past forty years to standardise the methods 
of determination of these limiting values (ASTM STP 523, 1973).
The relative density method also suffers from the limitation that it 
is specific to a particular sand, so that two different sands 
having the same relative density can have vastly different soliditie
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This is a severe limitation of its use as it inhibits communication 
between engineers. For classification purposes the degree of 
solidity (q) is free of this difficulty if the ultimate density(SG) 
value is known or even assumed.
Previous Density Studies
An examination of the literature relating to the properties of a 
particulate system reveals the existence of two methods of approach. 
The first uses a functional relationship, and the second, a 
statistical correlation.
In 1884, William Barlow wrote that the "analysis of the manner of 
arranging solid units to form component aggregates may best be 
approached by dealing with the most ideal case in which the units 
consist of spheres of uniform size". Such a mono-sized study was 
used by Slichter in 1899 to study permeability and by Smith, Foote 
and Busang in 1929, to examine the relationship between contacts 
of spheres and porosity. The regular arrangement of mono-sized 
spheres was exhaustively studied by Graton and Fraser in 19 35 who 
concluded that "the commonest natural packing comprises colonies 
of the tightest or rhombohedral packing (n=l-yj(^:) =25.95%) strewn 
in a surrounding mesh of haphazard, the whole constituting chance 
packing". They also showed that the loosest regular arrangement 
is a cubic packing (n=l-j =47.64%) with six points of contact 
or half as many as for rhombohedral packing.
The studies using single size spheres in regular arrangement not 
only defined the much quoted limits of porosity but also concluded 
that under these special circumstances (i) the porosity is 
independent of particle size, and (ii) the product of porosity and 
number of contacts is approximately equal to 3. Grivas and Harr 
(1975) demonstrated;that this latter finding applies to the packing 
of nonhomogeneous particulate systems as well i.e. systems where 
both shape and size of particle vary.
It was apparent however that a single sized particulate system was 
too restrictive and attempts were made to formulate more general
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functions. Andreasen (1930) studied the change in porosity with 
the addition of coarser and coarser particles. He restricted his 
analysis to the case where each size class addition was equal to 
the same quantity of the fraction which was present before and that 
the sizes increased geometrically. Under these circumstances he 
was able to show a functional relationship between grain size and 
voids content. A small amount of coarse particles creates voids 
that can be filled by the finer particles present and produce a 
dense mass, but material having a large amount of coarse particles 
will leave voids unfilled and be of correspondingly low density.
Almost concurrently with the research of Andreasen, Furnas (1931) 
was looking at an alternaitve method to the continuous grading of 
Fuller for the design of dense concrete mix. He considered an 
intermittant grading made up of two to four component sizes of 
spheres. He considered the case where the amount of smaller 
particles will occupy the voids between the larger particles 
without changing the total volume. He based this assumption upon 
the discovery that the porosity of binary packings is less than 
the porosity of the packings of each of its constituents. Further 
more, he showed that compositions of maximum density depended upon 
the ratio of the particle sizes and their relative proportions.
The weight per unit volume of solids for the largest component
is = (1 - n]L) SG]_ ^  w * Similarly, the weight per unit volume of
the next smaller component will be W 2 = (1 - n 2^SGl ^ w  ' assumin9' 
particles of same specific gravity. Now under the condition of 
no volume change, W must be combined in the volume equal to the 
volume of voids contained in the largest size component to achieve 
the tightest packing. Hence, W 2 = nl ^  " n2^SGl ' an8, t l^e 
weights for this packing is Z = w _ (1 - n^) SG^
W1 + w 2 * (1  ”  n-^) SG^ + ( 1- n 2 )S<
However, the volume of voids in a single size material i.e. in each 
component, is independent of particle size,
therefore n^ = n2 = n where n is the porosity.
and Z = 1____
1 + n
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If the process of adding finer mono-sized components without 
changing the volume is continued, the maximum density will be 
obtained from the geometric progression
Z + {1 - Z) + (1 - Z) 2 + (1 - Z) 3 + (1 - Z) 4 + .....
Z
or in terms of porosity 2 31 + n + n  + n +
1 + n
In this progression each term represents the volume of the.respective 
component sizes and the proportions, by volume, of each size 
required to obtain a packing of maximum density is obtained by 
dividing each relevant term by the sum of their terms.
Furnas recognised that in practice, size components of varying 
porosities and specific gravities are dealt with and defined the 
general case.
Total weight of mixture W = W ^  + 1 - + (1
, T7 (1 - n . ) s G,where = ' 1 1
w ;1) ( 1 - w 2 ) +
w.
(1 - n 1 )S G 1 + n i ( 1 ~ n 2 ) s c 2
where n-
n.
n.
SGn
SG,
SG.
(1 - n 2 ) S G 2 + n 2 (1 “ n 3 ) S G 3
minimum porosity of largest sized component 
minimum porosity of 1st successive finer size 
component.
minimum porosity of 2nd successive finer size 
component.
specific gravity of largest sized component 
specific gravity of 1st successive finer size 
component.
specific gravity of 2nd successive finer size 
component.
The preceding discussion has been limited to the determination of 
composition of minimum porosity without indicating what the actual
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values are likely to be. Furnas prepared a series of graphs based on 
the above analysis and using the ratio of smallest to largest particle 
size for systems of two to four components with various initial and 
final porosities. These graphs do show that the density increases 
with the greater size range and in general with the greater number of 
components. Experimental results do agree well with this method when 
particle sizes differ widely but become less reliable as the ratio of 
smallest to largest size decreases. Mainly because initial porosities 
of the separate components do not play the important role attributed 
to them in the analysis.
The work of Furnas on gap graded mixtures for concrete showed that 
increasing the porosity of the initial components required an 
increase in the number of components for maximum density. Maximum 
porosity is obtained when particles are uniform in size and 
irregular in shape. Thus considering each size grade of a bed of 
natural particles, which are generally of irregular shape one is 
lead to the conclusion that maximum', density is obtained when the 
number of size components is the greatest. There is no evidence 
available comparing the degree of solidity between the compositions 
of Furnas and that of Fuller, but intuitively, those of the latter 
should be greater.
The difficulty of pursuing functional relationships is the need for 
making simplifying assumptions, which inevitably put a limitation on 
its application to particulate materials found in nature. The 
correlation method is a much more general procedure and allows for 
the consideration of many more variables.
Perhaps the first example of this method can be found in the work of 
Fuller and Thompson (1907). Although not a truly correlation method 
in today's terms-, it is a good example of generalising observations 
from practical applications and laboratory investig £ions. As early 
as 1901 they noticed that the concrete with the highest strength also 
had the highest density. Taking this a stage further it was noticed 
that "the best results gave for its mechanical analysis a curve 
approaching a parabola, with its beginning at zero of co-ordinates, 
and passing through the intersection of the curve of the coarsest 
stone with the 1 0 0 % line, that is, passing through the upper end of
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the coarsest stone curve". In other words it had a large range of 
particle sizes in a set distribution. They did not, however, define 
their grading for maximum density in the general form it is known 
today i.e.
where p = percentage of material passing sieve with’ opening of d 
D = maximum size of particle in the- mixture 
m = exponent taken as 0.5 for maximum density
This was done by Talbot and Richart who used it extensively in mortar 
and concrete mix research, in 1923.
In the early 1930s Proctor studied the soil-water density relationship
however owing to the larger size of voids in sands his research is 
more pertinent to soils with a high percentage of material smaller 
than 0.075 mm.
Qualitiative consideration of the effect of particle size upon the
density of a particulate system was made by Fraser (1935) and worth
repeating here as it does appear to parallel the work of Proctor in 
the sense of which constituents dominate the packing of a 
particulate system. When two sizes of spheres are mixed, the 
smaller size dominates the general structure of the mass so long as 
the proportion of the smaller spheres is. sufficiently great. As 
the proportion of large spheres increases the porosity of the 
combination falls because volumes which would otherwise contain 
small particles and their attendant voids are filled with solid 
material. When the proportion of large spheres reaches the stage at 
which they touch.each other, the resulting porosity depends on 
whether the smaller spheres are sufficiently small to penetrate the 
voids. If they are, the larger spheres touch each other and take over 
control of the structure with the smaller spheres just occupying the 
voids. As the proportion of larger spheres increases, the smaller 
spheres are no longer sufficient to fill the voids and the porosity 
of the combination will increase. If they are not small enough to 
penetrate the voids neither size completely control the structure
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of the combination until the proportion of one of them has attained 
1 0 0  per cent.
The study of theoretical systemmatic packings has led to the 
consideration of the co-ordination number of a packing, that is the 
number of other spheres touching a particular sphere.
Gray (1968) has stated that the co-ordination number is not valid as a 
general technique for studying the structure of a bed of particles if 
it is directly correlated with porosity, in particular in systems not 
composed of mono-sized spheres. Yet Oda (1972) agrees with Field 
(1963) and states that the relation between co-ordination number and 
porosity is independent of the grain size distribution. Figure 4.2 
shows the relationship between co-ordination number and porosity as 
defined by various researchers. Only Oda (1977) so far has 
attempted to analyse the distribution of the co-ordination numbers 
of various packings and has concluded that the standard deviation 
can be considered as an index of heterogeneity of the packing. This 
certainly would quantify the porosity per se in a particulate system.
The author has attempted to correlate the eo-efficient of variation 
of the co-ordination number with porosity using all the published 
results available as given in Table 4.2. The relationship can only 
be described as vaguely tentative. The main reason for this is 
believed to be the effect of the container wall upon the packing 
of the particles.
Gray (1968) has reviewed the research into the effect of container 
wall upon packing. While the type of deposition will influence the 
result it would- appear that in general the influence can be five 
to seven particle diameters from the container wall for mono-sized 
spheres and somewhat less for mixtures of particle sizes. Deviation 
from a sphere also appears to reduce the effect of the container wall 
upon porosity. Huang (1967) when comparing different methods of 
determining particle shape of mono-sized concrete aggregates was able 
to show that mould interference affected the porosity when the ratio 
of diameter of mould to mean particle diameter was between 15 and 37.
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Considering table No.4.3, it is likely therefore that much of the 
research carried out so far into the packing of particles using the 
number of contacts and their distribution may be influenced by the 
container used in the measurement of porosity.
Table 4.3_____Ratios of container and particle diameter.
Researcher Ratio of container diameter to particle
diameter
Smith et al (1929) 2 1 and 34
Bernal & Mason (1960) Used a rubber bag
Field (1963) 3 and 8
Oda (1977) 29, 12, 9 and 6
The Work of Burmister
In 1918 Abrams published a Bulletin on the "Design of Concrete 
Mixtures" where he developed a convenient measure of fineness or 
coarseness of an aggregate, known as the Fineness Modulus. It is
defined an an empirical factor obtained by adding the total
percentages of material retained on each of several standard sieve 
sizes and dividing the sum by 100. The method is specified in 
AASHTO M6 or ASTM Cl25. In essence the index is the area bounded by 
the grading curve and a line coinciding with the No.150 sieve. It 
is thus equal to the average size of particle, measured not in 
sieve sizes but in terms of size fractions.
Burmister utilised this method^ of fineness measurement, but redefined
the limits as 9.42 mm. (3/8") and 0.001 mm. He based this definition
upon the theorem developed by researches in the field of ore dressing, 
that the area under a grading curve is also a measure of the specific 
surface of the material. Thus at 9.42 mm. "there seems to be a 
definite change in the capillary tendencies and bulking effects of 
moist soils," while at the lower limit the material is practically 
of colloidal size.
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Burmister published his thesis on the physical characteristics of 
soils in 1938, and laid the foundations for the understanding of 
grading-density relations for dry granular soils. He recognised the 
size characteristics of soil as being represented by three independent 
factors, each being a measure of both the grading curve and a distinct 
property of the soil.
The first factor he identified was the degree of fineness. To express 
this measure he used the method already mentioned, which he called 
Size Factor. This gives a weighted geometric mean, since it is based 
on regular intervals of log 2. A negative size factor indicates 
particles coarser than 9.42 mm. and an increasing size factor 
indicates decreasing particle fineness.
The second factor he reported as the type of grading curve. Here he
identified six basic types based on Gaussian mathematics, although he 
did not express them in numerical terms. He stated them as being
Type A - characterized by a very narrow range of particle sizes or 
uniformly graded. (Leptokurtic).
Type B - characterized by the normal curve of uniformly graded with a 
greater range of particles. (Mesokurtic).
Type E - characterized by a predominance of fine material or well 
graded mainly fine material. (Skewed to the fine side).
Type F - characterized by a predominance of coarse material or well
graded mainly coarse material. (Skewed to the coarse side). 
Type D - characterized by mixtures of two of the above types or 
poorly graded material. (Bi-model).
Thus De is a mixture where the fines content predominates and Df where 
the coarse content predominates.
The third factor he identified as the range of particle sizes. He was 
careful that the entire range should be considered as both the coarse 
and fine extremes "have an important influence" on the physical 
properties of the soil. He expressed the range in terms of a ratio
between the difference of the size factor and number of size factors
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(to the coarsest particle present), and the total number of size 
factors in the entire grading. He preferred to leave this ratio as 
a fraction as the deviation from 0.5 also expressed skewness. Thus 
values greater than 0.5 correspond■to materials where fineness 
predominates and values less than 0.5 correspond to coarser materials.
Having identified and expressed these size characteristic factors, 
Burmister examined the relationships between grading and density of 
dry granular soils. His findings are summarized below.
(i) Degree of Fineness:- For single size materials (type A) both 
the maximum and minimum density decreases as the particle size 
decreases. This tendency is less pronounced at the maximum 
density. For materials with a greater range of particle sizes 
(types B, D, E and F) the maximum and minimum density is 
practically independent of the degree of fineness, except in the 
case where there is appreciable quantities of very fine material 
(passing No.lOO sieve). Again in these materials (type E and De 
there is the tendency for the minimum density to decrease with 
increase in fineness.
(ii) Type of grading:- Assuming the same degree of fineness and 
particle shape, single size materials (Type A) produce the 
lowest maximum and minimum density while materials skewed to the 
coarse size (Type F) show the greatest maximum and minimum 
density. These materials conform to the parabolic curve 
identified by Fuller and Thompson. Materials with a normal 
distribution (Type B) have intermediate densities while material 
skewed to the fine sizes (Type E) may or may not be more dense 
than those of normal distribution (Type B), depending entirely 
on the amount of fines present.
(iii) Range of particle sizes:- It has already been stated that 
single size materials (Type A) produce the lowest densities. 
Materials with the greatest range also produce the greatest 
densities, this effect is most marked on materials skewed to the 
coarser sizes (Type F). The extension of range in either the 
coarse or fine direction has about equal effects on normal 
(Type B) materials or materials skewed to the coarser size
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(Type F) but has a marked effect of increasing the maximum and 
minimum density of materials skewed to the finer size (Type E) 
when the range is increased in the coarse direction.
Burmister did consider particle shape in a general manner, and 
concluded that the effect of angularity was to decrease density. He 
also thought that this accounted for the decrease in density with 
decrease in particle size. A similar conclusion was also reached by 
Traxler, Baum and Pittman (1933), who thought that the density 'of 
finer particles was influenced by both shape and texture.
Finally, Burmister found that there was apparently a characteristic 
spread between the minimum and maximum density for dry granular 
materials, which seems to be virtually independent of the type of
grading curve or range of particle sizes, but which increase slightly
with increasing fineness. Thus by implication, is affected by 
particle shape. He found this spread to be of the order of 6% to 8% 
voids, the maximum porosity he measured was 55% and the minimum was 
18%.
Confirmation of Burmister's findings was slow to come. Shockley and 
Garber (1953) attempted to correlate the maximum and minimum 
densities of alluvial sands with the grading mode. The mode being 
determined by a log - log plot of percentages retained against
particle size as proposed by Bagnold (1941). They found the
limiting densities to decrease with a decrease in modal grain size. 
They recognized that their finding was unique to the soils examined, 
"since the exact relationship is probably dependent upon such factors 
as the manner of deposition as well as the angularity and mineral 
constituents of the sands". In 1961 Rogers and Head examined the 
relationships between porosity,- median size and sorting coefficient - 
(or spread of grain sizes). They confirmed the decrease in porosity 
with increase in range of grain sizes and found this relationship to 
be linear except for nearly single sized material. They also showed 
that porosity was virtually independent of median grain size for 
single sized material but as the range of sizes increased the 
porosity becomes more dependent upon the median size. They went on 
to prove that in the case of the finest material tested by them,
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this was due to the decrease in sphericity when the median grain size 
decreased beyond 0.14 mm.
Hutchinson and Townsend (1961) also found that the modal diameter has 
little influence upon maximum densities but that a change in the 
distribution of the coarse or fine fractions did have a significant 
effect upon the maximum density.
Kolbuszewski and Frederick (1963) and Kolbuszewski and Alyanak (1964) 
examined more closely the effect of particle shape upon the limiting 
porosities. Their results, which confirm those of Burmister are 
summarized below
(i) Maximum porosity decrease with increasing particle size
(ii) Maximum and minimum porosity decreases with an increase in the 
number of sizes of particles present.
(iii) Maximum and minimum porosity decreases with increase in roundnes
(iv) Minimum porosity is little affected by mean particle size.
(v) The effect of particle size on the porosity interval is much 
less marked than it is for shape.
(vi) The porosity interval is greatest for angular particles. The 
arithmetic mean of the difference between the maximum porosity 
and the minimum porosity is 9.5%.
At the beginning of the last decade many researchers, Youd (1972), 
Holubec and D'Appolonia (1972) and Dickin (1972) in particular, turned 
their attention to particle shape. Edil, Krizek and Zelasko (1975) 
reported the results of a thorough study of the effects of grain 
characteristics on the packing of sands. While they were able to 
confirm the findings of Burmister and others it is worth repeating 
their results here as they were not only able to report on the effect 
of particle size and shape but also considered qualitiatively the 
effects of mineralogy and surface texture.
(i) The limiting densities increase with increasing angularity.
(ii) The density interval decreases with increasing roundness mainly : 
because the minimum density is more sensitive to change in 
particle shape.
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(iii) The limiting densities increases with an increase in the number 
of particle sizes.
(iv) The density interval decreases with an increase in number of 
particle sizes, because the minimum density is more sensitive 
to change in the range of particle sizes.
(v) Density is not influenced by mean particle size. Any change of 
density with particle size may be attributed to a correlation 
between particle size and roundness manifest by many natural 
sands.
(vi) MineralogicaJ ‘ variations per se do not affect the packing of 
sands to any significant degree.
(vii) The limiting densities of sands with 'rough' textures are lower
than for similar sands with 'smooth* texture.
(viii)The density interval of sands with 'rough' texture are greater 
than for similar sands with 'smooth' texture.
The above results, which can be visualized generally in figure 4.3
which is reproduced from Youd (1972) serve a useful summary for
understanding the effects of grain size characteristics upon density. 
However, so far no attempt has been made to correlate the various 
parameters statistically.
The behaviour of cohesionless soil described above appertains to the 
findings from particular sands examined. For example, Edil, Krizek 
and Zelasko (1975) found that the limiting densities increase with 
increasing angularity, but Holubec and D'Appolonia (1975) have shown 
that for rounded particles vibration produced the highest maximum 
density while for angular particles this was produced by dynamic 
compaction. Sub-rounded particles was little affected by methods 
of compaction. So that the effects described are influenced to 
different degrees depending * upon the method of deposition or 
compaction.
The deposition of particles have been well studied, Bagnold (1941) , 
Kolbuszewski (1948) and Macrae and Gray (1960), however for the 
purposes of this thesis it is only necessary to understand the 
effects of the principle variables of shape and size upon the
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Figure N°4*3 Relationships between grading, particle
shape and limiting densities.
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limiting densities. The method of obtaining the limiting densities 
is regarded as of secondary importance because of the extreme 
difficulty of their determination. (ASTM STP 523, 1973)
Kolbuszewski (1948) stated that the tilting test gave the highest 
porosity, while others prefer the ASTM D2049 method. Holubec and 
D'Appolonia (1975) have used a method developed by A.S.Luck in 1970 
whereby a 75 mm. diameter tube is placed inside a standard Proctor 
mould, the tube is lightly filled with a sufficient quantity of sand 
to overfill the mould and then the tube is raised quickly, allowing 
the sand to fill the mould. They claim the method to give slightly 
higher porosities and better reproducibility. The measurement of 
minimum porosity is subject to even greater variation as particle 
breakdown may occur under extreme compaction which would alter the 
constituents. It is clear therefore that methods would have to alter 
to suit the intrinsic properties of the particles in order to 
attempt the 'best' measurement of maximum and minimum porosity. This 
is particularly the case with minimum porosity where Macrae and 
Gray (1960) have shown that close packing requires the maintenance 
of particle motion of a critical magnitude for a minimum period of 
time. This involves not only particle size and shape, but, surface 
texture, resilience, friction and presence of liquid films.
Strength of Cohesionless Soil
The strength of a random assembly of particles increases continuously 
over an appreciable degree of deformation, and this increase of 
stength is accompanied by an increase in volume in the case of dense 
packings and a decrease in the case of loose packings. Such 
behaviour is markedly different from that of materials such as steel.
Rowe has^  shown that 0^ ^ 0 ^ 0cv . • This is illustrated is figure 4.4. 
where it can be seen that in dilating dense sands 0max is’ considerably 
more than 0 .Reynolds as long ago as 1885 was careful to separate 
dilating and interparticle friction which he regarded as two 
fundamental mechanical components of granular material.
Thus 0max = + 0^ where 0^ is the strength component derived
from the energy spent in dilating the material against the confining
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Porosity n‘ %
Where F is difference due to energy spent in friction. -  j3/i
R is difference due to energy spent in remoulding -0f
reorientation / degradation.
D. is difference due to energy spent in d i lation. - 0d
0cv is. angle of shearing resistance under condition
of constant volume change.
Figure 4*4 Typical relationship of 0 and its primary components 
in shear.
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pressure. Rowe, Barden and Lee (1964) have summarized the four 
principal components which make up the total work done during the 
application of a major, and minor stress to a granular material, 
which in order of magnitude are:-
1. Internal energy absorbed in friction if no volume change takes 
place. This is sub-divided into two:
(i) Energy due to the true interparticle friction angle 0yx 
absorbed in the most economical way (0 = 0jp.) .
(ii) Additional energy absorbed because slides are taking 
place simultaneously in directions deviating from that 
associated with the minimum (0  ^- 0p > oj" ) .
The sum of (i) and (ii) requires the use of 0^ in place of 0p.
2. Internal energy absorbed in friction because of the change in 
effective stress on the interparticle planes of sliding simply 
because the mass dilates.
3. External work done during volume change
4. Stored and recoverable "elastic" energy.
The theories developed to explain this increase in strength over and 
above the angle of solid friction goes back to 1934 (Caquot), at 
least, and some important references are given in table 4.4. Koerner 
(1970) working with brittle and resistant bulky minerals as well as 
platey minerals was able to conclude that both particle degradation 
and particle reorientation contributed to the degree of fluctuation 
of 0£. Generally the former at high densities and the latter at low 
densities.
It is necessary to have an understanding of the behaviour of the 
components of a particulate system under stress in order to establish 
the influence of the fundamental grain parameters upon the measured 
strength. The model considered here will perhaps be considered as 
over-simplified by those at the forefront of research into the 
shearing behaviour of a particulate medium however, for the purposes - 
of the classification of sands the finer influences are likely to 
affect the overall stength of a sand little and for practical purposes
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until the process is perfectly defined, can be ignored.
If one fills a glass jar with 10 mm. aggregate chippings and then 
apply a stress to it from above the following observations can 
be made:-
(1) That particles react (move or slide) in groups rather than 
individually
(2) Within loose packings these groups are small and
(3) Within dense packings the groups are large.
One can thus conclude that in a particulate system both friction 
and structure plays a part in its strength.
Attempting to examine the internal mechanism during shear leads one 
into much speculation but a not unreasonable explanation can be 
achieved from the research already published. The basis of Rowe's 
theory is that sliding occurs only on certain favourably orientated 
and situated contact surfaces (B planes of interparticle slip), their 
orientation being such as to minimise the rate of dissipation of 
energy in sliding friction between particles with respect to the 
energy supplied. Thus deformation occurs as a result of relative 
motion between groups of particles.
The groups formed at any one instant slide over each other only for a
very small distance before sliding ceases as a result of the
development of greater resistance. The next motion then being by
another group whose resistance has been overcome. This type of
motion leads to a certain amount of rearranging of the packing.
In dense packings this continues until further rearranging derives
no further "benefit" and the maximum strength (0 ) is achieved.max
Further strain leads to a falling off of resistance, as a failure 
plane develops, until a constant value of stength and volume change is 
reached (0CV) • With loose packings the structure is less homogenous 
and "arching" can be common. As rolling can take place at no more 
than two contact points it is quite likely that some rolling as well 
as sliding takes place initially within these smaller groups. Even
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when rolling becomes impossible and only sliding takes place the group 
never coalesce sufficiently to achieve the maximum strength of a 
dense packing before the development of the failure plane and the 
strength reaches the same constant value as for dense packings 
i.e. 0cv
Horne (1965) has summarized this behaviour as follows 
"Thus the complete behaviour in the triaxial test may be explained 
in terms of an induced degree of anisotropy which increases to a 
maximum close to the peak stress ratio, subsequently decreasing until 
the condition of no further volume change causes the degree of 
anisotropy to become stabilized. The maximum degree of anisotropy 
attained, and hence the value of the peak stress ratio, depend on 
the initial porosity".
Refering to figure 4.5 it is useful to draw attention to two aspects 
of the stress-strain curve which does lend support to the above 
theory. Firstly, it has been found in practice that no matter how 
well the sample is seated in the triaxial apparatus or what is its 
initial density, the initial application of stress is always 
momentarily accompanied by a reduction in volume. Secondly, the rate 
of dilatancy increases to a maximum at or near the peak stress.
The former point is explained by the fact that at the very 
commencement of lading the groups of particles which react are small 
and thus some rotation can take place and not all the energy is spent 
in sliding. The second point is explained by the fact that as the 
stress increases so too does the sliding, which allows the grain 
structure to loosen in dense (dilatant) sands which has the effect 
of reducing the normal stress. This contradiction reaches its peak 
at- the maximum strength where'the more sliding required to mobilise 
the maximum shearing resisitance is balanced by the less resistance 
that can be mobilised. .
Finally, this theory holds good for axisymmetric testing i.e. triaxial 
compression op~ > cy~ = , triaxial extension cr~ = ay* > ay- and for
plane strain cr~ > testing. Under constant volume or
ultimate strength conditions all three tests yield the same value
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IFigure No.4-5 Typical Stress -  Strain behaviour of sand 
. in loose and dense condition
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(Cornforth 1964) but at the peak strength the plane strain is much 
higher due to the lesser degree of freedom of the particles to slide 
in a preferred direction and possibly due to weak grains crushing 
(Barden et al (1969)) which will increase 0^ nearer to 0 than to 0p.
Factors which affect shear resistance
The factors which affect the shear resistance of a granular soil 
can be divided into two groups., Those factors which affect the 
shearing resistance of a given soil and those that cause the strength 
of one soil to differ from the strength of another soil tested 
under the exact same conditions. Under the former group, occurs 
factors such as porosity, confining pressure and rate of loading.
These effects do not have a direct bearing on the intrinsic properties 
of a soil and therefore are only dealt with superficially here. On 
the other hand the latter group contains the factors which are 
intrinsic of a soil and deal with the fundamental parameters of 
particles, such as size, shape and surface texture. These are more 
closely examined in this thesis.
The subject has not received as much attention as one would have 
expected in the published literature and the most enlightening 
references are given in table 4.5. Distinction is only made of the 
component of friction 0  ^and dilatancy 0^ upon the maximum 
strength 0max- T^e remaining components are much more difficult to 
measure and virtually nothing is known of their relationship to the
fundamental properties of the particles. It is intuitively
suggested that whatever their contribution it will be less significant 
in terms of an overall classification of sand.
When considering the maximum strength of a sand (0max) it is not
surprising to find that at constant relative density the strength 
increases with
(i) increase in angularity of particles
(ii) increase in surface roughness
(iii) increase in size of particles
(iv) increase in number of particle sizes.
- 52 -
I0
3
i
0 0MH 0 00 0 0
0 0 0t—! 0 0tr» 0 0
S 1
0P
-p 5
Ud
o ■H •rH0
MH d dMH O o0 *H • •H •-P 0 -P 0-P O 0 O 00 ■H 0 ■H 0d P 0 P 0MH 0 MH 00 • P P0 d rH tj rH Q0 0 0 d 0 073 •Hr \ s * 730 ti 0  0 b 0N •H -P N -p N
•H u d -h d •H0 m •H  0 •H 0
0 rH MH 0 MH 0rH frt 0 rH O  rH
u c O O
•H C 0  -H 0 ■H-P m H  +1 1— i ■P
I ■a S ' s
PH . 3 1  f t 3 f t
MHO
41S'
-po0m
■a
"a
0  •
0 S3 
Q Q 73 *H -P 0 Q N *H *H p 0 MH
0 rH
rH 0
3 8
S i
0N•H
0
0c—1
u•H
t j
0
f t
0
0 •0
0 0
0 00 0
8
0
P
b 0
•5 73
IS.
0 0 <8
0 • Xlq co 
©
rH i 3
& lb
|0• K 0 .d  -p •H d■H O • ■H0 d  0Tj* P ■H *H CM\ * p iH •rH Q oo Eh o
VO .
0 00 VO uo i— 1m ON 0 CMo ON ON rH VOp rH rH •P ON3 0 rHocn 0
ft &N0 0 P O'Q •iH 0  in,d •H rH i—1 ON 00 5 0 rH i—1 g*H Q 0 0 QPQ id Id > «
-P0
•H
iS
N 00 0 VO 0 ON
a - 1
8
LO VO ON i—I
invoON
■8•H
a
■9ft
rH0
-P r-0 VO ON *• i—I
- 53 -
T
ab
le
 
4.
5 
IM
PO
RT
AN
T 
RE
FE
RE
NC
ES
 
SH
OW
IN
G 
EF
FE
CT
 
OF 
PA
RT
IC
LE
 
SI
ZE
 
ON 
ST
RE
NG
TH
Sou
rce
 
Pa
rt
ic
le
 
Siz
e 
and
 
Co
nc
lu
si
on
Typ
e 
of 
Te
st
0 0 0co COSw4J MH
S S
5  64 8
£ • ^0  0  W  ■h n rap  -H 0q w u■H Pi
U S  »
M  -H -Sg +> g
1  ^
5 . g 0  
^  8 I  -H0  C  00 0 3  p.
6  8 +> og  0 g  loOVD
\y w w
b$ § w 
. g ^ . grH
■8 3  8 0
0 0 0 r l  H  U tJI-rl 0
s + s
ft p  cn E-i
8 1 * rCO 03
VD -H 
CN frl
o  rH
I 5
O  -H
VO ^
lo rij 
rH 0
0 'ra
1 pH 0
•HLO j-| 
CN H
OS
VO
OS
4->0
- H<0 r  ^
tn crv
8 H
a
- 54 -
Ze
la
sk
o,
 
et 
al 
0.8
4 
- 
0.
10
5m
m.
 
Sli
ght
 
in
cr
ea
se
 
in 
0^ 
whi
le 
0^ 
re
ma
in
ed
197
5 
’ 
Tr
ia
xi
al
 
she
ar 
un
af
fe
ct
ed
.
Examining the influence of these factors upon the components 0^ and 0f 
the literature is inconclusive. Koerner (1970) concluded that 
particle shape affects 0^ entirely and not 0^, while Zelasko et al 
(1975) showed that both 0^ and 0^ are affected but that 0^ is affected 
less. The work of Kolbuszewski and Frederick shows that the effect 
of shape on 0^ is porosity depended. In loose soils the dilatancy 
component is virtually zero and can be negative for angular particles 
but increases with decrease in porosity so that at 40% relative 
porosity for the sands tested, differences in shape had a negligible 
effect and at 80% relative porosity. 0^ is nearly 6° greater for the 
more angular particles. They too found that 0 decreased with 
increase in particle roundness thus refuting the suggestion of 
Kirkpatrick (1961) that 0^ might be independent of shape. Kolbuszewsk 
and Frederick seem to agree best with Rowe's theory of particulate 
strength. The work required to remould angular particles is greater 
than that required for round particles, however, whether particles 
are angular or round, but of the same size, the work required to 
dilate remains little affected unless the packing is dense. For 
flaky particles Koerner (1970) concludes that values of 0^ are 
greater than for that of bulky particles, this is mainly due to the 
greater ease of particle reorientation.
The effect of surface texture is even less clear, mainly because the
property has no measurable value, yet. Morris (1959) has stated that
an increase in roughness of particle surface would increase the
strength by 37% which means that a 0 of 30° would exceed 40°. Such
a difference which is comparable between that of a loose and dense
sand. Also, Jakobson (1957) found for two sands, essentially the same
in every way, a value of 34° and 40.5° respectively and gave the
explanation for their vast difference in strength due to a more
polished surface of the grains of the lower strength sand when
observed under a stereomicroscope. -George and Shah (1974) attempted
using wax-coated gravel to differentiate the effects of surface
texture upon 0  ^and 0^ and concluded that 0  ^decreased and dilatancy
increased with increase in smoothness of the surface texture and that
<rr~the stress ratio ~ at which dilatancy begins, is less for rounded
3grains. This appears to agree with the general theory, since smooth 
grains would harness less energy and at the same density rounded 
grains will slide apart with greater facility. Thus Kolbuszewski 
and Frederick (1963) has found that angular sands begin to dilate at 
lower porosities than sands of rounded grains.
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Attempts have been made to examine the effect of particle s.ize on 
shear strength of sand. Again there is conflict in the literature.
The pertinent remarks are given in table 4.5. It is not possible 
to draw firm conclusions from these results for several reasons.
(i) Often the exact test methods have not been described, such as 
the use of lubricated plattens or only effective size has 
changed implying a change in grading;
(ii) the method of separating the dilatancy and frictional components 
varies;
(iii) but, perhaps the most serious error is that the majority of 
researches inherently assumed a constant particle shape with 
decrease in particle size. This has been shown already as 
most likely not to be the case for natural materials.
Zelasko et al (1975) and Kirkpatrick (1965) were careful to maintain 
the same shape and both reached the same conclusion that 0 f was 
unaffected while 0^ increased with decrease in particle size, 
although not to the same degree. However both Rowe and Koerner have 
thrown doubt on the constancy of 0 and nothing is known of the 
surface texture change with size.
It is also difficult to see why small particles should dilate more 
than large ones unless there is a change in some intrinsic property 
such as roundness of surface texture of the particles, since porosity 
is unaffected by uniform size.
A practical conclusion at this stage is that the angle of internal 
friction increases with a decrease in particle size, but it is 
unlikely that this is a fundamental property of a particulate system , 
rather is it inherent in sands due to a change in their intrinsic 
properties with size.
The affect of increasing the number of particle sizes on shear 
strength is very difficult to assess since this affects the minimum 
and maximum porosity and therefore introduces an important variable. 
Most researches conclude that an increase in the number of particle 
sizes increases the shear strength and this can be regarded as a
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practical conclusion rather than a proven fundamental property of 
a particulate system.
On the face of it therefore it does appear as an advantage to employ 
angular instead of rounded sands. However, Casagrande after much 
experience, in both design and in construction, had stated that 
well graded, well rounded material is superior to uniform angular 
material in embankments. The correctness of this statement can be 
found in the concluding remarks of Prof.Roscoe, given in the Tenth 
Rankine Lecture (1970): "We should stop concentrating attention
only on the shear strength of soils and think in terms of their 
stress-strain behaviour, especially at stress levels corresponding 
to working loads which will probably be less than half the values 
required to produce failure". This can be seen for example in the 
typical stress-strain graph for rounded and angular sands shown in 
figure 4.6.
Most researches examining the effects of the fundamental properties 
of sand grains relate them to shear strength rather than strain.
Wu (1957) working with sands of similar particle size distribution 
about a mean which varied from 0.15 mm. to 1.00 mm. concluded that 
there was a marked decrease in compressibility with size. He was 
however using loose sands and made no attempt to report on particle 
shape. Kolbuszewski et al (1963) came to a contrary conclusion and 
thought that compressibility increased somewhat with size. They also 
concluded that compressibility increased slightly with roundness in 
dense sands and with angularity in loose sands. This latter conclusio 
disagrees with results obtained by Marachi et al (1972) where the 
rounded Oroville Dam material was much less compressible than the 
crushed Bas alt at similar confining pressures.
•
Much more agreement is found in the literature regarding the 
relationship between shape and axial and volumetric strain at failure. 
Holubec et al (1973) confirms that strain at failure increases with 
particle angularity. Axial strain of rounded particles is only 
slightly affected by density but angular particles are sensitive to 
density changes, loose packings showing the greatest deformations.
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Figure N°46Typicat Stress -  Strain behaviour of sand for rounded and 
angular particles.
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Despite the confusing conclusions reported, regarding compressibility, 
Lamb and Whitman (1969) have stated that the stress-strain moduli 
decreases as the packing produces larger void ratios (looser packings) 
for a given relative density. Such a conclusion agrees with the 
larger volumetric and axial strains at failure for angular particles, 
where packing is less dense. Intuitively it is concluded here too 
that size does not affect compressibility unless it is accompanied by 
a change in the fundamental properties of the particles which will' 
change its density scale.
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CHAPTER 5
PARTICLE SIZE AND SHAPE AND ITS MEASUREMENT
The measurement of particle size will only fulfil a purpose if 
it can be related to one or more physical or technological 
properties of the particles.
In the case of cohesionless soil for civil engineering purposes 
such relations are only tentatively established. The measurement 
of size is relatively simple and 'absolute1 compared to the 
measurement of other properties such as shear strength, which in 
addition to the difficulties of measurement, the results are 
only valid for the specific condition under which the test 
was performed. Thus the size of the material continues to be 
measured as a standard test.
For cohesionless soil only the principle of geometrical similarity 
is employed for the sizing of particles. This involves the 
measurement of individual grains or sieving. The principle of 
similarity in surface properties of particle aggregate is 
sometimes used in correlations with permeability Loudon (1952) and 
Ame,r and Awad (1974), but the similarity in hydrodynamical behaviour 
i.e. sedimentation is confined to the silt and clay size fractions 
and elutriation appears to be obsolete now.
For spherical particles, using such two and three dimensional 
methods the estimates of size will agree but the further the shape 
deviates from being regular the less likely is it possible to 
measure an absolute dimension of size. It therefore becomes 
necessary to employ certain conventions and create definitions of 
'size'. A list of some of these definitions is given in table 5.1. 
One of the reasons for the development of so many definitions is 
that most are not put into general use, probably because their 
concepts generally remain obscure to all but the inventor. For 
example, it is difficult to envisage the size of a particle in terms 
of an equivalent diameter of a perimeter of a circle or of a sphere 
with the same surface area to volume ratio.
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Symbol Name Definition Formula
do
d s
d
d<i
d fl
v
dst
P
dA
§p
dM
Equivalent diameter
Surface diameter
Surface volume 
diameter
Drag diameter
Free-falling
diameter
Stokes1 diameter
Projected area 
diameter
Projected area 
diameter
Perimeter diameter
Sieve diameter
Feret's diameter
Martin1s di ameter
Diameter of a sphere having the 
same volume as the particle
Diameter of a sphere having the 
same surface as the particle
Diameter of a sphere having the 
same external surface to volume 
ratio as a sphere
Diameter of a sphere having the 
same resistance to motion as the 
particle in a fluid of the same 
viscosity and at the same 
velocity (dd approximates to 
ds when Re is small)
Diameter of a sphere having the 
same density and the same free- 
falling speed as the particle 
in a fluid of the same density 
and viscosity
The free-falling diameter of a 
particle in the laminar flow 
region (Re < 0 .2 )
Diameter of a circle having 
the same area as the projected 
area of the particle resting in 
a stable position
Diameter of a circle having the 
same area as the projected area 
of the particle in random 
orientation
Diameter of a circle having 
the same perimeter as the 
projected outline of the 
particle
The width of the minimum spare 
aperture through which the 
particle will pass
The mean value of the distance 
between pairs of parallel 
tangents to the projected 
outline of the particle
The mean chord length of the 
projected outline of the 
particle
V 6 *
S =nds 2
d«3.
d sV _ dc;2
dst2: l a # 3.1dd
A^f d a 2
Mean value
for all
possible
orientations
dp = ds for
convex
particles
dp = d(
Table 5.1 Definitions of particle size
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The method of measurement which attempts to measure the size of 
individual grains generally consist of using a microscope with 
a graticule, but photomicrography and projection of a silhouette 
onto a screen has also been used. The subject has been well 
studied and important references are given in Herdan (1960),
Irani and Callis (1963) and Allen (1974). The microscopic method 
has been standarised by ASTM - E20.
This method does have several disadvantages.
(i) Sand particles are of irregular shape and their size 
cannot be uniquely defined by a single parameter as in the 
case of a sphere or even by two parameters as required by 
say, an ellipsoid.
(ii) The method leads to very small and frequently unrepresentative 
samples being measured.
(iii) The method is slow and tedious and impractical for routine 
investigation.
The method is particularly unsuitable for use where the range of 
particle sizes is great, which is typical of sands having a ratio 
of 1:63 between the smallest and largest particle and even 
geometrically would require the measurement of at least seven sizes 
to obtain an even distribution of size fractions. Under these 
circumstances large errors can occur from the sampling variations 
of the rarer size fractions present.
Besides the fatigue caused by the method, the measurements
cannot be made any faster than that of estimating two dimensional
sphericity which can be determined 'at the rate of one or two
grains per minute', (Rittenhouse 1943). Despite these disadvantages
methods of measurement of individual grains have important advantages
♦
The method allows that individual grains are actually seen and the 
engineer gains a direct 'feel' for the material. In fact the author 
has found the examination of grains of sand under a microscope a 
very sober experience in his comprehension of the magnitude of the 
problem of definition and measurement of particle shape and size.
The measurement of individual grains also leads to a number as
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Country Standard
Britain BS 410
U.S.A. ASTM E 11
AASHTO M 92
Tyler Series
German DIN 1171
French NF Xll - 501
International I.S.O. 565
Table No. .5.2. Main Standards for Test Sieves.
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opposed to a weight distribution and this is free of any bias caused 
by particles of different unit weight in the distribution. Herdan 
(1960) has shown that the numerical distribution and weight 
distribution may be regarded as the extremes of the various 
distributions encountered in particle statistics.
In other words a particle size distribution based on the
measurement of single dimensions will be different from that based 
on surface area or volume measurements, and these differences can
serve as a measure of variability among particles in respect of
both shape and size. This inequality is already applied to great 
advantage in powder technology and is sure to be a fruitful field 
of research in geomechanics as well.
Sieving remains the easiest and most popular method of measurement 
of particle sizes between 100 mm. and 0.075 mm. Sieving results in 
a weight distribution of particle sizes and the accuracy of the 
distribution is highly dependent upon the sieve size interval 
used in the analysis.
The sieving method has been standarized in the U.K. since 1934 
and the standard used by civil engineers is given in BS.1377:1976 
or ASTM, or AASHTO. The sieves too, have been standardized for 
several years and the most important standards are given in 
table 5.2.
Despite this standardization and the detailed research, quoted 
in table 5.3 into the sieving method, during the last forty years, 
there continues to be published experiments - Sherwood (1970), 
Taveners et al (1973) aimed at measuring the accuracy of 
the method* Thus in order to understand the significance of a 
sieving analysis it is necessary to briefly examine the sources of 
error in the method. These can arise from any or all of the 
following factors
(a) the sieves, (b) the sieving motion, (c) the particles and or 
(d) the operator.
It is useful to examine these sources of error in greater detail 
in order to appreciate the significance of a sieving analysis.
— 6 4 —
Author Reference Study
Shergold,F.A. (1946) Trans.Soc. 
Chem.Ind.65, p245
The effect of sieve 
overloading.
Heywood,H. (1946) Trans.Inst. Min. 
& Met.55, p373
The reproducibility 
of the sieving test.
Whitby,K.T. (1958) Symp.on particle 
Size Measurement ASTM 
Sp.Pub.234, p.3.
Mathematical 
treatment of 
sieving process.
Kaye,B.H. (1962)London Univ. 
Ph.D thesis.
ditto.
Leschonski,K. (1977)Proc.Conf.Chem. 
Soc. Univ.of Salford.
Calibration of 
sieving process.
Table 5.3. Important References dealing with research into 
the Sieving Test.
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A. Sieves
(i) Area of sieves
Theoretically if the sieving area remains constant through a 
series of sieves then the weight of particles passing through 
the apertures in unit time will be proportional to the aperture 
size of the sieve. This of course assumes that the total 
number of apertures through which particles are passing at 
any time remains constant, which is not true in practice. 
However, a set of larger diameter sieves will be more efficient 
than that of a set of smaller diameters for the same sieve 
apertures and under exactly the same conditions, if one 
considers the greater opportunity that larger diameter sieves 
pose for particles to pass through the apertures.
(ii) Accuracy of sieve apertures
Although national standards exist for the tolerances of the 
apertures of manufactured sieves studies made by Leschonski 
(1970) and Ilantzis (1961) show that apertures can vary 
considerably from the square. Ilantzis reported coefficients 
of variation of 3.2% - 11.5% for warp and 4.4% - 10.2% for 
weft. The larger variation corresponding to the finer sieves 
i.e. 40pm. Leschonski recommended that sieve sizes should be 
calibrated rather than based on the system of preferred 
number (BS 2045).
B. Sieving machines
(i) Intensity and frequency of relative motion between sieve 
apertures and particles.
The quality of a sieving machine is directly dependent upon 
the number of presentations of a particle to a free sieve 
apperture opening within unit time and this varies between 
sieving machines of different manufacture.
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C. The Particles
(i) The Size Distribution
There are three aspects involved. (a) If the size distribution 
is such that much of the material is at or near mesh size the 
particles will require a longer time for sieving as the chance 
of two grains arriving nearly simultaneously at an opening, 
causing neither to pass through, will be great. (b) It has 
been shown that the smaller the sieve aperture the greater 
the effect of overlaoding. This follows from the principle 
already enunciated that if the aperture size is halved the 
weight of particles passing through in unit time will be halved. 
So that for sieves of different aperture size to be equally 
efficient the weight of material to be sieved on each successive 
sieve should be reduced too.
(ii) Particle shape
The sieving process measures the largest 'diameter' or 'width' 
of equidimensional particles and as particles become more flaky 
or elongated the less the sieve sizing represent the size 
of the particle and the more inaccurate is the proportioning 
by weight. The extreme case arises where material of various 
shapes are sieved. Lees (1964) has discussed the influence 
of shape on the passage of grains through sieves.
(iii)Particle strength
Sieving is an unsuitable method if sizing for fragile particles 
which may break down under the action of sieving, yielding a 
different particle* size distribution.
(iv) Particle density
The fact that proportioning is done by weight in the sieving 
method, means that material containing particles of different 
density will be inaccurately proportioned
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(v) Particle surface texture
Although no evidence has been published, mainly due to the 
difficulty of measuring surface texture it is easy to 
appreciate that smooth particles will slide through an 
aperture much more readily than one with jagged edges or 
rough surface. This is supported by the work of Irani and 
Fong (1961) who showed that, sieving time can be decreased 
by the addition of a 'flow conditioning' agent to the material.
(vi) Particle Agglomeration
It is common to find weakly cemented sands which break 
down into nearly individual grains during the sieving operation. 
In this case it will be necessary to investigate the particles 
under a microscope to ascertain the amount of agglomeration 
after sieving and if necessary a-pre-treatment with a 
chemical solution be applied. Agglomeration can also result 
from static electricity or humidity.
D. Operator
(i) Length of sieving time
Although, in partical terms, there is no end-point to sieving, 
the approach to the true percentage passing is significantly 
faster for the smaller sieve apertures.
(ii) Overloading
While maintaining very-long period for sieving may overcome 
the errors due to overloading it has been shown 'that it is
much more effective to reduce the amount on the sieves.
Tiedman (1972) has shown that the largest errors between 
laboratories occurs where the percentage retained on a 
particular sieve is largest. Figure 5.1. shows the decrease
in sieving accuracy found in a site laboratory.
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(iii)Care and calibration of sieves
Mention has already been made to the need for calibration of 
sieves. If sieves are violently brushed the apertures 
will be deformed or damaged to the extent that even repeated 
calibration, if it was practical, would fail to make the
sieves suitable as the range of aperture sizes may be too
great. It must be pointed out that even for slightly
damaged sieves, if the sieving time was very long, a
significant proportion of particles which would normally 
remain on the sieve will pass through it.
(iv) Sampling errors
The reduction of sample size is in conflict with the need 
to analyse a representative sample which is likely to be 
large as shown in figure No.5.2 which has been reproduced 
from Frost (1972).
(v) Observation, weighing and other errors
Not only can faulty scales and observational errors yield 
large errors, but also, since sieving is an emperical 
method of sizing, the consistancy of results is highly 
dependent upon standard methods being followed. It has been 
shown by Heywood (1947), thirty five years ago, that the 
standardization of method can double the accuracy of the 
result of the test.
Conclusion
Having examined the measurement of the size of grains of cohesionless 
soil more closely it can be said that the result of size 
measurements is both an operational concept and a statistical 
procedure. In the case of the former the result depends upon the 
method of determination and upon the conventions or definitions 
adopted. Yet whatever the method of definition it is subject to a
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multitude of errors, the uncertainty of the effect of a single 
such cause results in producing variations of 'size' such as to 
make their distribution conform to the laws of change or 
probability.
It is the author's own experience to apply a coefficient of 
variation as given below to any sieve analysis carried out on a 
specific material in an 'on site' laboratory. Even though this 
variability includes both that due to test and material the 
values are conservative in the light of published data^Kiihn (1972)
Sieve size 
mm.
Coefficient of variation
%
20 5
1 0 5
5 5
2.36 1 0
0.425 15
0.075 20
It is concluded that when one considers such additional effects 
as particle shape, it is best to regard the grading analysis as 
showing the relative proportions of materials possessing a 
dimension of the order of that given by the sieve aperture.
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Particle Shape and its Measurement
The definition of shape of regular geometric forms seldom creates 
difficulties. However, the shapes of particles of granular soil are 
far from regular and require considerable prowess for their 
expression.
Particle shape is studied for several purposes. Industrial 
engineers use a knowledge of particle shape to apply a correction 
to size determinations, particularly in those cases where more than 
one method of size measurement has been used. Geologists use a 
description of shape to study the genesis of deposits of sediments 
and are mainly interested in the degree of roundness or amount of 
wear of the edges of the particles. While engineers may be 
interested in the surface coating, they are primarily interested 
in the effects of particle shape upon the packing and stress-strain 
characteristics of cohesionless soil.
As a result of these different purposes, the study of particle shape 
has been approached differently. Here again it would seem prudent 
to examine the bases of the different approaches in order to avoid 
its application inappropriately to the field of civil engineering.
Since the efforts of the geologists is most quoted in the engineering 
literature, it is useful to commence with their approach. While 
crystallogra'phers Phillips (1957) and mineralogists Read (1957) 
were looking at regular shape for a long time, the first 
qualitative classification of irregular shapes appears to be given 
by Sorby in 1880. Between 1919 and 1922 Wentworth attempted a 
numerical definition which unfortunately was size dependent.
Cox (1927) suggested that roundness could be measured by the degree 
to which the ratio of the cross-sectional area of a particle to 
the circumference approaches the same ratio for that of a circle.
He applied a factor to this equation so that the ratio 1 applies 
to a circle. His equation is
4 (cross-sectional area) = K thus K = 1 for a circle 
(perimeter)
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While the method is practical and can be applied to both pebble and 
sand size particles alike, the number expressing the degree of 
roundness does not distinguish particle shape.
Tester (1931) pointed out that according to Cox a cube will have 
greater roundness than a pyramid yet both could suffer from the same 
lack of wear. This results from using a circle or sphere as the 
basis of calibration, on the assumption that the end point of 
abrasion will be a sphere. Tester preferred to estimate the 
probable outline of the particle at the time when abrasion begins 
and determine the amount of abrasion which has taken place. He thus 
expresses shape as the ratio of wear to original angularity.
His method of measurement is illustrated below:
Abrasion (A) % - (AB-aa)+ (BC-bb)+ (CD-cc)+ (DA-dd) AB+BC+CD+DA X  100
The method of Tester is therefore functional rather than mathematical 
and is open to subjective selection of ‘faces' to be measured.
While Tester recommended it for use with both sand and gravel there 
is little evidence of its use in the literature. This is perhaps 
because geologists preferred the more academic approach of Wadell to 
particle shape measurement.
In 1932 Wadell claimed that shape could only be adequately described 
if its.three-dimensional shape was separated from its two-dimensional 
shape. The former he called sphericity i.e. appertaining to a sphere 
and the latter rouhdness implying circular like a wheel. To express 
sphericity he made use of the mathemetical theorem that solids of a 
given surface area have a maximum volume when it is a perfect sphere 
He defined sphericity ( ) as
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^  = surface area of a sphere of equal volume
surface area of the particle
thus for a perfect sphere Y  = 1 .
For roundness he rejected the basis of comparing the circumference
of a particle to that of a circle of same area and preferred to
restrict his definition to the corners and edges of particles. He
defined roundness (R) as
R _ Average radii of curvature of corners of particle 
Radius of maximum inscribed circle
thus for a perfectly round particle R = 1.
Wadell (1933) realised that his definitions could not be employed in 
practice and he developed an 'operational' sphericity ( Y  Qp) where
/Volume of particle
/Volume of circumscribing sphere
For roundness all measurements have to be made between the long and 
intermediate diameters, either reduced or enlarged to 70 mm. average 
diameter. Finally in 1935 he developed the definition of projection 
sphericity ( )  where
Y  = Diameter of circle of equal area to grain projection
' Diameter of smallest circumscribing circleir
Rittenhouse (1943) produced a comparison chart as a visual method of 
estimating "two-dimensional sphericity".
Riley (1941) proposed a method of measurement of projection 
sphericity based on the square root of the ratio of the inscribed 
and circumscribed circles. In order to have any validity as a 
measure these methods assume the-shortest axis to be equal to the 
intermediate dimension of.sphericity.
In 1935 Zingg expressed the view that most mineral particles possess 
a long dimension (a), an intermediate (b) and a short dimension (c). 
Using ratios of these three dimensions he defined four basic shapes 
of particles
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spheriod or equates, discs or oblate, rods or prolate and blades, 
either oblate or prolate. These relations are reproduced in 
Figure No.5.3.
Krumbein (1941) combined the work of Wadell and Zingg and instead of 
using a sphere as a basis he used a triaxial ellipsoid where the 
three diameters a> b> c. Thus substituting into Wadell's formula
Y
3  [ tr y  J
'A t abc
% " a '!
This enabled him to define the shape of a particle more accurately. 
Since for Wadell's method particles of the same sphericity could 
have radically different appearances. A fact which did not disturb 
Wadell as he was concerned with sedimentological shape. Wadell 
believed that.due to the processes of particle wear the best thesis 
on which to base the.definition of particle shape is that solids of 
equal volumes which have different surface areas will have different 
shapes.
The measurement of roundness using comparisons with photographs or 
silhouettes started in 1937 by Russell and Taylor and modified by 
Krumbein (1941) and Pettijohn in 1949. In 1953 Powers refined the 
geometric scale of silhouettes of Pettijohn and provided a "very 
angular" class to the scale. To achieve this he made the well 
rounded and rounded class limits narrower. Powers' scale of 
roundness is given below and shown in Figure No.5.4.
Very angular
Angular
Subangular
Subrounded
Rounded
Very rounded
0.12 - 0.17 
0.17 - 0.25 
0.25 -0.35 
0.35 - 0.49 
0.49 - 0.70 
0.70 - 1 . 0 0
The use of such charts for roundness became common as the need for 
numerical data increased. Studies were carried out to determine the 
error involved in their use. Rosenfeld and Griffiths (1953) found 
that visually it was easier to determine small differences in
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Very angular (o u)
Rounded (0 59 )
Angular (0 21)
Sub-rounded <o-*n
Well rounded (0 84)
Sub-angular (0 3 0 )
Geometric mean in brackets -  after Shepard & Young (1961)
Figure N*5 4 Powers* Scale of Roundness.
roundness than in angularity. This was also confirmed by Beal and 
Shepard (1956). Folk (1955) concluded that the experimental error 
in determination of roundness was high and that a large number of 
grains must be measured to establish significant roundness 
differences.
To summarize, the geologists are interested in the sphericity or 
degree of departure from a sphere, and in the degree of wear of 
sharp edges or corners, called roundness. While charts exist for 
the establishment of sphericity their use is generally deprecated 
and sphericity is determined from the measurement of the longest, 
intermediate and shortest dimensions and this related to a sphere, 
ellipsoid or more complex forms such as a tetrakaidekahedron, 
Aschenbrenner (1956). Roundness is generally determined from charts 
despite the lower discerning ability of the eye to distinguish 
differences in angular shapes.
Turning to the industrial engineers, they are not primarily concernec 
with particle size, but with the specific surface (surface:weight 
ratio) of the particles since it is the surface area which correlates 
directly with such factors as chemical activity, rate of combustion 
or colour brightness. They therefore, use particle shape not as a 
means of expressing shape, per se, but as a means to transform one 
dimensional measurement of size into that of the two and three 
dimensions of particle surface and particle volume, respectively.
To achieve this end they have developed the concept of shape factors.
It appears from the literature that Dr.Martin initiated this line of 
approach in the early 1920's, but the method became established as 
a result of the detailed work of Dr.Heywood about a decade later.
4
Since Heywood's work is well publicised it is only necessary here to 
present an outline. The surface of a particle is equal to the square 
of the diameter multiplied by a constant f, which has the value of 7r  
for a sphere. Similarly the volume of a particle is equal to the 
cube of the diameter multiplied by a constant k, which has the value
of-p- for a sphere.6
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In his attempt to determine values of f and k for various shapes, 
Heywood found that is was essential in the study of particle shape tc 
distinguish between geometrical shape and the proportions of a 
particle. To define the proportions of a particle he used the same 
ratios as Zingg (although he does not refer to Zingg in any of his 
papers.). Thus
• jn = £ where c- -  length
b = breadth
m = r t = thicknesst
and the shape he defined by the ratio of the projected area of the 
particle to the area of the circumscribing rectangle, which he callec 
the area ratio and the ratio of the mean thickness of the particle 
to the maximum thickness, he called the prismoidal ratio p^ .. These 
ratios are related as follows:-
'T r 2 9Projected area = ~p~ d = °< b v = <=<nb
o y  rt , 3
Volume of particle = k d  = <=< />r b^ t = ° * -P r--
1 ' m
k  = x
8 m yCcn
In the case of equi-dimensional particles n = m = 1 and the volume 
coefficient k , = E jM E M  . -Jr. ...
ke
hence k = where k expresses equidimensional geometrical forms
F - ™  and m and n its proportions.
°< is the area ratio 
The volume shape factor k may be determined from a knowledge of more 
than one of the following factors - the number, volume, mean size, 
the elongation ratio, weight and density of the particle composing a 
fraction of closely graded size limits or from silhouettes prepared 
for prismoidal, tetrahedral, sub-angular and rounded particles. The 
surface shape factor f cannot readily be determined from external 
measurements, however, Heywood developed the general equation:
-  8 0  -
f 1.57 + C (K 4 £ e ; 3 iD d ll where n and m is between 1  and 3 and the factors k and C are 
given in published etables for 
various shape groups.
m n
from which the specific surface may be determined from the formula:
In industrial processes the shape of particles do not change 
radically and the effort made to determine shape factors is well 
spent. However in soils the shape can vary with size, mineralogy, 
and factors involved in their deposition. Under these circumstances 
the distribution of shape can vary from sample to sample.
Furthermore, the specific surface is an important property in fine 
grained soils but its importance in sands is not a major factor. The 
application of shape factors to cohesionless soils in an engineering 
context is therefore not only difficult to apply but also not very 
relevant. It will become clear later that the two major attributes 
of granular materials in soil engineering are particle contacts and 
porosity. It is therefore concluded that particle shape should be 
examined in the light of these attributes in order to best understand 
its influence on the engineering properties of soils.
Most of the methods developed by the geologists and industrial 
engineers require measurements to be made on individual particles 
when dealing with particles as small as sand, not only can the 
measurement be tedious and open to error but also the practical need 
to limit the number of grains, measured to say 50, opens the method up 
to doubt on statistical grounds. Wadell (1935) made careful counts 
of the number of‘ grains retained on various sieves. These are 
given below:
Specific surface = f. JL w h e r e i s  the specific gravity and d 
the mean surface projected diameter.k ^ d
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Sieve size 
mm.
Weight of material 
retained 
gm.
Number of grains 
retained on sieve
0.500 0.1872 650
0.250 61.3214 937,636
0.125 49.1928 3,652,027
0.061 5.4466 1,876,843
pan 0.1019 410,000
total 116.2499 6,877,156
It can be seen that for sand size particles 50 grains cannot 
confidently be regarded as representative of even 1  gram of sand. 
Civil engineers therefore, felt that the problem of particle shape 
had to be looked at differently from the industrial engineers and 
geologists, although frequently the geologists' method was adopted 
as a basis.
It was long appreciated that aggregate shape affected workability of 
concrete and the compaction of granular sub-bases and bases. It 
appears that much impetus was given to civil engineers to define 
particle shape from the legal problems stemming from the case of such 
terms as 'sharp' or 'flaky' aggregate in construction specifications.
Clements (1937) attempted to define such terms as angular and 
irregular by a detailed description. He also proposed a scale of 
surface textures. Markwick (1937) working at the Road Research 
Laboratory introduced the method of measurement of elongation and 
flakiness specified in BS.812. The method is akin to hand sieving 
and not applicable to material below 6.0 mm. size. It is 
interesting to note that the research which lead to the formulation • 
of this method drew heavily upon the work of Heywood.
In 1965 Mackey reviewed the methods of particle shape measurement anc 
developed a method of measurement of the outline of a particle and 
related it to an ellipsoid. His method is decidedly practical in 
that the angles subtended or the interior angle of the outline need 
not be measured but estimated to the nearest 45° to which a factor
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is given. These factors are summed and subtracted from unity, the 
shape factor given to an ellipsoid. Mackey has also provided 
silhouettes of standard shapes for rapid estimation.
His method affords the simplest technique for those cases where 
greater accuracy is required and the time spent in examing individual 
grains within specific size fractions is justified. Since it is a 
two-dimensional method, it is unsuitable for use with extreme shapes 
such as rods or discs.
Engineers involved with concrete mix design recognised the fact that 
particle shape generally changed with size and that for dense mixes 
it was more important to define a 1 shape1 for the total grading of 
the aggregate. They found that this was best achieved by measuring 
the solid volume of the aggregate either in a compacted or loose 
state.
An early example of this method was reported by Goldbeck in 1951. 
However the method which did gain popularity was that developed by 
Shergold in 1953. He developed an angularity number which was equal 
to the percentage voids, under a standard compaction minus 33. This 
constant was used as it was found that regular solids such as cubes 
and spheres gave void contents which bore no resemblance to those 
obtained with irregular shaped particles, and the roundest gravel 
gave 33% voids. The research of Shergold showed the the 
reproducibility of the test was improved with increased compaction. 
Hughes (1964) used a loose bulk density test and later (Hughes and 
Bahramian (1966)) modified it by comparing the result with that of 
glass spheres. A ratio of unity being therefore equal to the 
angularity factor for spherical particles. Although they did not 
say so, there is evidence that the loose density is more sensitive 
to particle shape than the compacted density. (Holubec and 
D'Appolonia 1973).
Huang (1967) using a rhombohedron mould established a particle index 
based upon the rate of change of voids when rodded under standard 
conditions. The result of this test is expressed as an index.
Highly polished aluminum spheres is taken as zero and the value 
becomes progressively greater as the aggregate particles become more 
irregular in shape, angular and rough surfaced. He was able, not 
surprisingly, to show good agreement between his particle index and 
other methods such as that of Shergold.
The concept of measuring particle shape by loose volume seems to have 
reached its peak with the work of Ishai and Egons Tons (1977). They 
defined the total geometric irregularity by the term specific 
rugosity which includes the microsurface voids and macrosurface voids
rv = 100 (V xsr
where S]
V.
rv
sr
V
ap
V ) = 100 1 - (G x 77 p Gap
= specific rugosity 
= Volume of surface voids 
= Solid volume
= The packing specific gravity
= The apparent specific gravity
= dry weight in air______
loss of weight in water
The apparent specific gravity is determined in accordance with 
standard tests (e.g. AASHTO T84 or T85). The packing specific 
gravity (Gp) is determined by pouring smooth, spherical beds into a 
container of known volume using a standard cone pouring cylinder and 
their weight (Ws) determined. The experiment is then repeated using 
the aggregates whose packing specific gravity is to be determined 
and its weight (Wx) noted. The packing specific gravity is then 
calculated from the formula
Gp = ( Wx x 1 ) G where G . is the specific gravity
Ws s sof spheres.
Since specific rugosity includes both shape and surface texture it is 
necessary to separate these constituents in order to appreciate the 
influence of each upon the total geometric irregularity. The 
macrosurface and microsurface voids S and S . respectively, are -
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determined from:-
Sma 100 (Gag - Gp)/ Gag
100 Gp (Gap - Gag) / (Gap xGag)
' /
where Gag = the bulk specific gravity
= surface dry weight in air 
loss of weight in water
The concept of packing volume was first enunciated in 1968 by Egons 
Tons and Goetz whose research was aimed at establishing a unified 
concept for quantitatively expressing shape, angularity and surface 
texture. Thus unlike Hughes and Bahramian they did not express the 
comparison with a regular shape as a ratio but simply accepted it as 
the volume which a particle will occupy in a mass of particles as a 
result of it having a particular shape, and surface texture. In 
other words, packing volume is not the volume of a solid but the 
volume of the particle enclosed by a dimensionless membrane stretchec 
across the peaks of its surface. Thus the packing specific gravity 
(Gp) is numerically the lowest specific gravity which the mass of 
particles can have since it includes micro and macro surface voids. 
Tons and Geotz verified experimentally the following principle
"Different types of one-size aggregates, smooth or irregular, will be 
compacted to the same volume in bulk when they possess identical 
total packing volume of the particles under an identical compaction 
procedure".
It has been shown earlier that the two major factors which influence 
performance of a particulate .system is volume of solid matter and 
geometric irregularities of the particles and it is exactly these 
factors which-is represented by packing volume. Therefore good 
correlation may be expected between packing volume and other 
engineering parameters, such as strength. A further advantage would 
be if the test was standardised, factors for the regular solids can 
be accurately defined and a volume measuring device such as the 
volumeter of Huang (1967) can be made part of the apparatus for
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measuring packing volume.
There are two disadvantages inherent in this method.
(i) It is only applicable to single size materials and is likely tc 
be sensitive to say, change in particle size within a range of 
two consecutive sieves. Furthermore since particle shape 
generally changes with size there is a great need for research 
into understanding what influence a weighted packing volume has 
on the performance of- the material (Huang, Squier and Triffo 
(1963)).
(ii) The determination of such a weighted packing volume would be 
time consuming.
(iii) The method does not take into account the effect of sharp' 
corners and no research seems to have been published dealing 
with flaky or elongated shapes.
Attempts have been made to standardise the dry viscosity of a mass of 
particles as an expression of shape and surface texture. Important 
papers dealing with this method are given in Table No.5.4.
The flow test, was developed by the Bureau of Public Roads in the 
U.S.A. in the 1950's (Rex and Peck 1956) when it was generally
realised that the type of sand had an important influence upon
bituminous mixtures. In this test, the rate of flow is assumed 
to be a function of the weight of the sample and the shape and 
surface texture of the particles. The original test used sand size 
of between 0.841 mm. and 0.595 mm (No.20 - No.30 sieve) and a cone 
pouring container with an orifice of 9.5 mm. It compared the ratio 
of rates of flow for 1 0 0  cubic centimetres of sand against standard 
Ottawa sand. The rougher and more angular the sand particles, the
larger is the numerical value for the time index.
Industrial engineers have for a long time examined the flow of 
granular material, and a good review of their findings is 
published by the Institution of Chemical Engineers (Richards 1966).
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★References relating to the flow of a Granular Mass 
Acott S.M. (1976)
Bransby P.L. & Blair-Fish P.M. (1975)
Brown R.L. & Richards J.C. (1965)
Brown R.L. (1961)
Brown R.L. & Richards J.C. (1960)
Brown R.L. & Richards J.C. (1959)
Brown R.L. & Richards J.C. (1958)
Craik D.J. (1957)
Delaplaine J.W. (1956)
Deming W.E. & Mehring A.L. (1929)
Dickin E.A. (1972)
Drescher A., Cousens T.W. & Bransby P.L. (1978)
Fowler R.T. & Glastonbury J.R. (1958)
Franklin F.C. & Johanson L.N. (1955)
Handley M.F. & Perry M.G. (1965)
Harmens A. (1963)
Hopkins H.J. (1971)
King G.J.W. & Dickin E.A. (1972)
Martin J.B. & Richards J.C. (1965)
McDougall J.R. & Evans A.C. (1966) -
McDougall J.R. & Evans A.C. (1965)
O'Callaghan J.R. (1960)
Rex H.M. & Peck R.A. (1956)
Rose H.E. & Tanaka T. (1959)
Sunderland H.B. & Neale D.F. (1968)
* Refer to the list of References for complete details of these Papers.
TABLE 5 . 4
-  87  -
Sunderland and Neale in 1968 reported the findings of a 
dimensional analysis to determine the conditions under which the 
flow test could be used for measuring particle shape for civil 
engineering purposes. They used a flat bottomed container instead' 
of a cone and a summary of their results is expressed by the 
following equation:
f (X ) =
(D2 -5Gg.g°-5) (2 - 5 ) ° - 2 5
for d ^ 0 . 2  mm.
§ >  2 
5
5 > . »
where f(A) is the shape function 
Q = rate of flow 
T = Bin diameter 
H = head in bin 
D = orifice diameter 
d = particle diameter 
Gs= specific gravity of particles 
g = acceleration due to gravity
For spherical ball bearings the shape function f(A)was found to be
0.163. Thus is the shape factor of. spheres is unity, the shape
factor of particles = f (A )
0.163
Although they did not show the gradings of the material tested, 
they concluded that there was no significant difference between using 
the total grading and estimating the mean particle size and the shape 
factor obtained by weighting the factor obtained for each 
individual size fraction. They also concluded that up to 35% of 
particles can pass the 0 . 2  mm size and retained 0.06 mm. before the 
shape factor is affected. It is now more than a decade since this 
work was published but virtually no research seems to have been
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reported which significantly augments it. One reason for this 
may be the fact that although they found a trend between sphericity
and Shape Factor they did not attempt to define it or to devise
a new scale for bulk shape measurement.
King and Dickin (1972) developed equations relating flow time, 
obtained from a pouring cone, and particle diameter to sphericity 
and roundness respectively.
Thus sphericity ( Y 0 ) = 196d + 144 - q
146d + 112
Roundness ( x? ) = 85d + 65 - q
/ 35d + 33
Contrary to Sutherland and Neale they did not find good agreement 
when applying these equations to a graded material, using a 
weighted mean particle size.
It may be that this difference is a result of using a different 
shape of pouring container. The flat bottom pouring cylinder 
used by Sutherland and Neale and the National Institute for 
Transport and Road Research of South Africa (Acott 1976) allows for 
the material to roll over itself towards the aperture which is not 
necessarily the case with the eone pouring cylinder (Brown and 
Richards 1959). While the effect of this difference does not 
appear to be reported upon in the literature, it should be 
remembered that for flow to occur there has to be dilation (Brown 
and Richards 1965) which can conceivably increase the influence of 
the shape of pouring container upon the rate of flow. Rose and 
Tanaka (1959) using a cone pouring cylinder concluded that rate of 
flow was practically independent of particle friction, provided 
that the cone angle is less than the angle of repose of the 
material. Once it exceeds the angle of repose the material will 
slide down the side of the container surface and influence the 
flow rate.
Not only are there many variables involved in the flow of granular 
material, the influence of many of them still has to be 
determined, but also its use to measure shape has only be dealt
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with in a general way for that of naturally occuring sands. Rose 
and Tanaka (1959) considered the effect of a range of shapes from 
spheres to ground glass and concluded that the flow rate is 
extrememly sensitive to variation in particles shape when the 
particles are close to being spherical, but the sensitivity decreases 
as the sphericity of the particles decreases. This effect must be 
taken into consideration when attempting to develop a scale of 
shape factors using the bulk flow of particles.
It would appear that the bulk measurement of particle shape may 
best be achieved by combining the loose bulk density method with 
the dry viscosity method. This is being done to some extent in 
New Zealand. Hopkins (1971) showed that for single size grains 
the flow time changes with size while the bulk loose density 
virtually remains unchanged. But that both flow time and bulk 
loose density change with shape. Plotting flow time against voids 
content for various single size material of different shape, 
results in a family of lines each representing the particle size.
Any additional point is therefore a reflection of both the size 
and shape. If the relationship of size distribution and density 
can be correlated then it may be possible to determine the 'shape' 
of granular particles in bulk. While this would be a weighted 
shape for the entire distribution of particle sizes, it is likely 
to represent the influence of shape upon the engineering behaviour 
of the material.
To conclude this review of particle shape, Dr.Lees in 1964 
proposed a shape classification ofr particles which is reproduced 
below.
P roposed  shape classifica tion  o f  p artic les.
3-Dimensional
Shape
M acrotopography
(Angularity/Roundness)
M icrotopography 
(Surface Texture)Type A 
Fractured 
Particles
Type 2?
W orn
Particles
Equidimensional 
( /> » §  (? )> $
Disc
(/>)<§ ( ? ) > !
Rod
( / 0 > !  (? )< §
of High
Angularity
!> 2 0 0 0
of High
Roundness
jR>0.6
Rough Texture 
2?jF > 10
(Roughness Factor)
of M edium 
Angularity 
A 1000 to 
2000
of M edium 
Roundness 
R  0.4 to 0.6
Medium Texture 
RF  7 to 10
Blade 
(/> )< ! (?) <  §
of Low
Angularity
MClOOO
of Low
Roundness
A < 0 .4
Smooth Texture 
R F<  7
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While he was primarily interested in coarse aggregates used in 
bituminous mixes his classification can be employed for fine 
aggregates as well. The table summarises the important geometric 
properties of particles. The scale of surface texture referred 
to is that developed by Wright (1953) and requires the 
production of thin sections. The method is not is general use.
The roundness classification is that due to Krumbein (1941) and 
now largely superseded in the literature by the Powers(1953) scale 
of roundness.- given in figure No. 5.4. The angularity scale is 
that due to Dr.Lees and apparently the only one -in existence. This 
is reproduced below.
Pebble images for visual roundness 
R oundness chart for 16—32 m m . p eb b le s , (after W. C. K rum bein)
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CHAPTER 6
SOME STATISTICAL FUNCTIONS OF PARTICLE SIZE DISTRIBUTIONS AND 
THEIR CORRELATION WITH MINIMUM POROSITY 
The Objective and Sources of Data
The foregoing review of cohesionless soil as a particulate system 
has indicated that the engineering behaviour is primarily influenced 
by the porosity ( 1 - solidity) of the mass within the limits of 
minimum and maximum porosity. It was therefore decided that if one 
could correlate the particle size distribution and grain shape,
(the only two parameters of a particulate system which are 
reasonably well defined and readily determined at this stage) in 
terms of one of these limits a significant improvement to the 
classification of cohesionless soils will be achieved.
The measurement of maximum porosity (minimum solidity) is a simple 
test requiring no more than standard laboratory apparatus. Holubee 
and D'Appolonia (1973) claimed better reproducibility for the 
method of test developed by Lucks (1970) than that obtained by 
ASTM D-2049, which has a between laboratory coefficient of 
variation of about 2%. The maximum porosity is not dependent upon 
such intrinsic properties of the material as the degradation of 
grains under test and therefore if standardised would serve as a 
reasonably stable means of communication between engineers.
However, the determination of the minimum porosity (maximum* solidity) 
is very dependent upon test method and degradation of particles and 
even when the test is standardised it fails to serve as a stable 
means of communication, Tavenas (1973). It is therefore of more 
value to be able to emperically determine the minimum porosity from 
a correlation of readily measurable parameters. Such an estimate 
will differ from a laboratory test result but provided the difference 
is not large, it will be within the order of variability experienced 
with current practice, and still have the advantage that the 
estimate has a stable datum, i.e. it is unaffected by particle 
degradation, operator error (except in the determination of size 
and shape) or method of test. It should therefore be a useful 
means of communication between engineers and better than the use 
of the uniformity coefficient shown in Figure No.6.1.
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6*1 Empirical relationship between maximum and minimum densities versus 
coefficient of uniformity for cohesionless soils.
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A literature search revealed, at least, 19 papers where grading 
and minimum porosity and some numerical or descriptive definition 
of the shape was given. This initial data amounted to a total of 
114 points. This was regarded as likely to be sufficient for 
examining the relationship between particle size distribution, shape 
and minimum porosity. The source of reference and the total data 
finally used in this study is given in Table No. 6.1.
The Representation of the distribution of particle sizes 
The treatment of mathematical models which best represent particle ' 
size distributions have been fully discussed by Herdan (1960), Irani 
and Callis (1963) and Allen (1974). Graphical representation of 
particle size distribution has also been fully discussed in the 
literature. The scales of the most common distribution are given 
in figure No.6 .la. While it is not the intention to reproduce this 
subject here, it is worthwhile to remind ourselves of the advantages 
and disadvantages of the current practices of use of the cumulative 
frequency and the log-normal representation of particle size 
distribution.
It has already been stated that the size scale of sieves and the 
class nomenclature is a geometrical scale as a result of the great 
range of particle sizes, thus a logarithmic scale is preferred to 
the arithmetic scale. The use of the probability scale does have 
the advantage that the computing of statistics and comparisons 
between different distributions is facilitated. If it is assumed 
that particle size is the cumulative effect of small causes, each 
of which contributes or removes the same increment to or from the 
final result (i.e. the mean), then the normal distribution would 
apply. This has been found to be true only in a very few selected 
environments where the genesis of cohesionless soil is due to a4
. single simple agent, such as wind. More usual in nature is the 
effect of small causes contributed or removed, not by differences 
but by ratios of equal amounts from a mean, Bagnold (1941). This 
renders the log-normal distribution as being the most suitable. To 
this end Krumbein (1936, 1938) developed the phi scale where 0 =
- 10<32 diameter. The base of 2 was selected in order that the
- 94 -
«  fi 
cu 
3 Q 
(+ * Tj 
CU 
w -P•d ra fi S 
CO -H ra p 
«
*+> cu fi<u ra ra w 
cu cu 
P  C
w
w
C
lA
ID
CNJ .TJ>»(U
p  a •h 3  > «  (0 ra fi ra 60w d w •H CU 'H fi •h d  o fi cu 3 ft o CO P
+40)ra > *H P
O
>D O O i n i n O O O r H ' D H i n c n O
N O O < f < r c o m H m - J o \ i n ( M  <f, 4 ( O C V M r i H 4 T ^ I A W N N
o  o  m  m  o
o  cn o  6 - to­
rn -t  -ra- cn cn
cu
ra* p  
co
>,+>fHra
ofi
oP  0 
fi*•H
£3
H 'JR
m  id  oo c - 6 - in  - vo 6- <r
<r o  h  cn oo to c -
6- in CJY in in in o CM o o 00 o O o rH
cn cn CTl cn rH cn cn n CM o CTl 6- n o inCM CM rH CM CM CM to cn cn cn CM CM CM to cn
co o o in n o CD
cn CO m CO •D to cnCM CM to cn cn cn in
tora■p
s
ofi
cuP
o•p
W>fi*HTjfi
op.«
cufifiou
fiCUp
cu
0raHP
mCTlP
OO
o
o n 
o  CM o to
o  m  o  o  o  o  o
CM CM CM CM in  m
in o  o  o  
to. cr* to oril CM in CM
o o o o o o o o o
c o o o o o o o o or H O O O C O i D t o C M O
i d o  m  
cm cn m
O O O H C M t o N O l C O C O M B O
m  o  o  o  o
nr <r. m  o  cdrH CM to CO n
d o  O O rH
i n
6-P
o  o  
o  o  H O
CM 00 O
O O
o  o  o o
i n i n 
cn
o
on
o  o  o  o  
o  o  i n o  0 0 6 - 0
o o m o o o o o o o oi T v i n C O H O O O O O O O
C M t o C 0 6 - O H O C Q r H C J \ r H
C - O C T i O M l f \ < r t o  O  rH o o o o H r n i n o o D D i n D C -
o  i n
rH to  H rH
O  i n O  
o  cn oCM CM to
o  o  o  o  o
o
i np
o  o  o  o  o  oo  O CM CM o  Hm \o cm c\j cn cm
O O O O H cn o  cn 
CM rH to to
o  o  o  o  o  m cn rH in cn rH CM
o  o  o  o  o  olO O C-. to o  oi H c M c n i o c n i n c n o
o  o  o  o  o  o  o  cn oo
O r H O O O O O O O O O O O O O O  O  O  O  O  rH ■ CM N  cO iT\ to to m
O O Ocn o  cmO rH rH
O0-rH
O O O O O
inCM
P
m o o o o o t n o i n m o o o o oc o m m o i n c n < n c r \ c n C ' ~ O i n m c n r HO C M r H r H i H O O . O O O r H r H i H O r H
d d d d d d d d d d r i d d o ' d
rH Ocn nO rH
m i n m o o o o orH rH CM O CM O in Oc M c n t o i n f - o c n o
o  o  co o  o  to
O O O O O O O ID to to cn CM rH
ID O CO O OCO cn O'! rH CMO O O rH rH
o  o  o  o  o
n
p
i n n i n o o o o o o o o o o o oH  (Tv 6- vO iD VD MO 00 C - ' D ' D M D  6 - 6 - 6 -
o o o o o o o o o o o o o o o
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
o  o i n m i n m i n o o  o o c n o H C M c n m o oO O r H r H r H i H i H O C O
O O O O in o  o  in 6- o  ID cn
O O O O O O O i n C M r H r H O O
in 6- cn h  m
6- 6- 6- CO 00
O O O O o
o  o  o  o  o
ra
p
ra o  
p ss
H C M c n t o i n ' D 6 - c o c n o i H C M c n H r i nH  H  H  H  rl H i O N C O ( J i O r i C M i n < r i r i \ 0 6 c o  H rH H H CM CM CM CM CM CM CM CM CM cn o  ih cm m  cm cn cn cn m
oprafioDraP
HraH
Ofi
COcncn<H
W
<u
&Eh
cnrH
HJW
Table 6.1 Reference sources and data used in-this study
-  9 5 -
CM
til
■ato§
n
-P
a>
0
X)
n
ID
<u ■H
a 0)
■d
s
o
B
o 1
f t  f t
l O < f C O C O O ) H O l OovNCMwcnNino 
CM CM nf  <T IA K7  tO 1^
C ^ O O O O O i A i A O  rH. LA O  <t  H
w<roiAHt^-7co-j<ro<ri'i 
-O’ lr \ l c \ ( M ( \ I H H r l H ( M K 1 K l < t
CM CO COvO lA VO -T <r -I
(Dft
CO f t»cCO
l A lA lA 
0\ CJ\ Cn
O O O
■ S *
a
o CM O o LA 00 O CM O O O O O O O LA O IA O LA O o lA iA
fA O o CD LA < r CM O IA vO nr rH O 6 - lA 6 - O O nr LA O vo CM iH
fA fA <r IA fA IA fA IA HT fA IA fA fA CM CM CM fA IA fA fA nr CM .fA Kn
Q
iA
OSft
O O O O 
LA O  O  O  
Cn Cn rH CO
o  o  o  o  
o  o  o  o
O.  CM CO VO
H C M O V O Q C O C ' - V O V Q
L A O O O O  O  O O O O O O O  
f A C - c n O L A O O O O O O O O  
H C M < r C n t A C M « c r c O C O r A C ' - C O O
O O O O H r A L A L A v O r - I N C O C n
o o o o
o  o  o  o
O  O  CO CM
cd la co co <r
VO CA rH
o  o  o
o  o  o
rH  -A  CM
CM rH iH
LA
f t ~
o  o  
o  o
o  o  o  o  o  o
O  O  O  O  O  IA
vo co la vo la la cn LA 
O O C ^ i A f A C M H r H
O
O
rH
CA O  un lA  O
os  cn cm cn o
H  «  -J  vo <r
o  o  o  o  o  o  o
O  LA O  O  LA O  O
OV K\  O  (D CO N  O
o o o
un LA lA OS IA vo
O O O O O r - i r H C M f A f A n r v O C O H  H  O  LA CM 
<T CM r H
lA  LA IA in cn la cn vo nr
o
lAft
o o o o o o o o
C M v O O Q O r H O O
C M C M 6 - m O O v O n r
O O v o i A C M r H O O
O O 
LA O  
rH CM CM
O O O
CO O  0  -" 4 Vi) CO <ro  o  o  o o  o  a  o  oO  O  O  LA OCT\ lA CO CO rH
O O O O 
O  i A
O O O 
iA  vO 00 N tn ri
O O O O O O O r H r H C M f A n r 6 - cn cn <r cm 
rH
O O un <r 6- vD
rH O  O
l ACMft
O O O O O O O O  
f A H T C n O t H v O r H O  
H r H C n C O  lA t" *J CM
O -  O  IA CVJ H  O  O  O
O l A O O O O O i A O O O O OcnoLAcnunoocnooooo
O H r H r H C \ l f A < r i A C n C ' - ~ c A C O  CM 
O O O O O O o d o r H C M f A v d
o  o
CA O
o  o  o
_ fA o  o
cn 4  N  vo m
Hr CM rH o  O
o  o  o
O  O .  LA 
i A vO fA
LAft
CA 6-  O  O  
CD CO O  Q  
O  O  O
O O O O 
O  CM CM iA 
IA VO fA H
CO6-O
0 0 6- 
co cn cn o o o- fA la la o  CM fA rH o  rH rH CM HT O O O VO O  O  CO vO vO
o
o
CM
IA O  
rH <T
H  O
iA-6-OO
O Q L A C M H O O O O O O O O O O O O O H C M i A O O O O O
O  O  l A 
f A O  HT 
VO HT f A
o d d
■ J L A V O N t O O V O r i  
fA fA 'fA IA IA IA <f  - J
CM fA.  nr i A VD 6- C O ' C n O  H  CM IA <T 
HT HT ' HT nr -M <f  h t c A C A I A l A l A
l a  vo 6 -  CO cn 
l A LA l a  LA lA
O  H  CM 
vO vO lO
ft
<U
at
CD
fA
cnrH
- til
f t 0)
*■ £
<d
f t
H
5
Eh ura vo
rH vO
CO rH cn
fA 3 rH
cn f t • ,—•*
i—i
rH X0) o
u O •H
<u •H
-p •P -P
ID <D ra
•H P f t
o Xc ID u
3 XI H
f t Eh f t
Table 6.1 contd
- 96 -
■h -o
w
w
CD
■§
3ou
f i
CD •
H IDp f iuj CO
CD (D
*5  f i
CD
<D > ?H G•*4O
CD
P .
CO f i
3
<X>
ON
•P
•H
CD
O  * 1-4 C -u c
O  -H -J R f i  ONf i a KN KN
• cc
s
C7 H  CM H  W 03
CM ON ON O  [v  KN 
«N CM CM «N CM W
VO O  
CM KN
O  CM
O f i  
K \ CM
O o UN H rH r - UN r4 VO vO
H d UN CM -O’ CO* vO* f i < r < r
< r KN KN KN KN KN KN KN k n KN
o o o O O O O o o O O o UN o o O o o o o o oUN KN o CO O < r KN KN KN o UN O UN f i o o ON UN ON o UN UN oCJN ON o CM rH UN CO CD VO o M0 KN CO rH f i o UN o f i CM 00 KN UN
IX
O rH O CM O O O O UN O CM KN O o rH o rH O O d O o
O O CM O O O o O O o O O UN UN O o O o UN o UN UN
UN rH CM i—. UN Q CO CO rH O o rH O KN ON O UN O UN < r o KN KN
CO 00 CM < r - 5 f i f i UN UN MO VO KN H -T IN- KN UN -c r i—i MO CM - r
IX
o O O rH O o o O rH O O CM O o CO O O o d O o o
o o  • O O o o o O O o O O UN o O O O o o UN UN o
O o o O O o o o KN o o CM rH CM UN UN UN UN UN o f i ON oUN
IX
00 CO CM f i KN f i f i < r 'U N UN KN CM rH KN VO CM KN KN rH < r H k n
o o o d o d d d o o o H o d o o O o O o o O
o o o o o o o o o o UN O UN UN o o UN o O o o oUN ON KN CD o CM f i f i f i o UN CO O rH 4T o 00 O ON IN - < r CO M0CM f i f i rH KN CM MO MO KN < r < r H M0 rH CM MO rH CM CM CO KN rH CM
f i
o o O O O o o O o o O O O O o o O O O o o o
o o UN UN UN o o O o o O UN CM CM o o UN UN
UN
rH UN UN oUN o KN < r O < r rH rH O UN UN ON f i CO MO UN o rH M0 O CO oo ON
f i f i VO rH rH rH vO M0 KN *—i KN O rH O O < r rH rH rH O rH o (—!
o o o O d O o O d O o o . O o d o o O O O o o
KN < r UN M0 IN - CD ON O rH CM KN < r UN VO f i oo ON o 1--1 CM KN - j
N
o VO v q  . . VO M0 MO VO MO f i f i f i f i f i f i c - f i f i f i CO CO CO . CO co
CO
-3 -
ON
/ ---N
f i
UN
ON
rH
w
>C <DO N
ID ID
,Q 3
O f i
4*5 rH
to O
<05 *
>—-  
KN
f i
ON
to­
r n
ON / —- ID
rH KN
----* f i u
ON u
•H rH o
44 s
ID
C
CD
M c
CD a o3 <D IDfi f i c
rH <D f i
O f i o
f i 64 f i
KNC-CTN
<—-
*■—-
KN
f i
ON
KN rH
f i
ON
rH C
'—> •H
/ —-V M
KN f i f i
f i c N
ON o U
r4 « O
g >
•<H o
C f i
•H ho
n l cS f~.
ID 0)
CD B f i
3 Kl X
f i f i o
1 U +■»
3
3
C
o
o
Table 6 !  contd
-  97  -
CO
%  
ra 
. a  
ra 
P
ra
o
§
■ g «
o  -  o fi o ra • 
ra a  >>
«h  - p  
f i  <H -H 
r l  O  h
P  «  ra rH' 
P r f i  ti  ra -p Eop h fi
to > ra
• pra
ra >  
•h  P
o
O  H  O  O
vo h o  in to m cn <r
H  H  H  rH rH rH H
ID H) lO ifl O  vO lOto to to to to to to
ra
P
ra P  
W
vd t o m  t o 
rH CM i n  l£)
H  H  H  rH
in o cm o o to rn vo id in in in to to
0 0 0 0 0 0 0
-P
H
W
O
• fi  
O
p  a
f i *
to 0 rH cn rH rH CO m m VO vo CM CO cn 0 v o CO n to vo H rH n CM
p i 6> cn rH i n O to t o CM t o ­ CO rH cn 0 00 cn cn f—t CM t o ­ m n n to­
cn CM CM CM CM CM CM cn cn r n cn cn CM cn m cn CM cn cn rn cn cn cn r n
to
a
H
W
Mra
p
ra •
tora44fira
ofira
P
o
• p
bOfi
•rt
■tifi
o
p
wrafifi
o
o
f i 'ra
44ra
ara
•H
P
i n
p
o  o  
o  o  
o  o
o  oin unto m
H  cm cn to CM
0 0 0 0
CM O  MO O  
CO CO 6 -  CO
d d o d
O O O
O O Ocm o m
CM CM rH
i nCM
m
o  o
vO I D 
CM CM
o  o
o  i n  m  o  
m  c n c n  o
CO t o  cm CM
o  - n  
m  c n  CO to
0 0 0 0 0 0 0
in6-
P
O
o
c n
O  H  H  CM rH
O O  O O O O  O O O  n O O  O O O O O O O0 0  0 id a) m in in o cn to to cn 6- 6- cn to cn 6-o cm id m m N cocncn cm cm cm c- to cm h h o- to
cn rH d o d o  o d d  0 0 0  d d d d d o d
oin
P
O O O Oin in in in 6- 6- 6- 6-
0 0 0 0 0
o  o
c n o  
i n  m
o  o
o
o
6 *
O O O O
O O O
o  o  n  
m  vd 10
0 0 0
i n  0 0  0 0 0  m  0 0 06- c n c n o c M i n v o c n o c M
H  CM CM 6 -  t o  CN H  rH 6— t o
o  0 0  o o d o o d o
n
CM
p
0 0 0 0 0  
i n  h  6 -  i n  i n
v o i n  c n cm c n
o o o o o
0 0  o m o o  0 0 0  n  0 0  o  i n  o  i n  o  o  i n
m  i n  c n  co cm cm h c o o  c n cm cm c n  c n  c n i n  cm c n  c n
m  m  i n  r i  c n  i n  t n c n t o  h  cm cm v o  m  cm h  <h  o  m
0 0  d o d o  o d d  o  0 0  ’ d d d d d o d
i n
p
0 0 0 0 0  
n  c n  v d  o  c n
i n  CM r i  H  CM
0 0 0 0 0
o  o
VO 6 -  
rH rH
o  o
O O O O
i n  cm 0 co 
c n  r i  cm cm
O O O O O O O
O
On
O
o  o
H  rH 
CM CM
O  O
O  O  CM
cn  v o  rH 
i n  cn  cm
o  i n  o  0 
i n  o  cn  v o  
1—1 h  n  cn
O O O O O O O
raN44ra
P
■in vd  6 - co o n  co CO GO CO CO 0 H CM t o i n vO 6 -  co cn 0cn cn cn cn cn cn cn  cn  cn cn 0
rH
r—n
cn6-
cn
rH
—
ra
•H
f i
0 c n
rH n
O cn
/-- s P rH
m P r -> v—r
6 - << c n
cn 6 - r—v H
rH P cn cn-—, rH i n ra
cn 5
0 rri ra0 0 N
p ra fi ra
w 'n ra ti
c ti N P n
H f i rH rH ra rH
O O ra ra O
• d S3 £3 P X
cm cn  to  i n  v o  6 -  coO O O O O O O  
rH rH rH rH  rH rH rH
ra
ofirafira
<Hra
Pra
ofiti
o
CO
c n6-
c n
rH
3
O
O r >
x  n
M 6 -
ra cn
rH  rH 
r a w  
N
cH
Table 6.1 contd.
- 98 -
o
p 0) 
hOH  
G  O ■H -H 
• 3  P  
X  G  O (U 
O fX  O
to CD
d> bOX 
P . G  <u 
cU cu x i£3C
W E H
p
CD
CD |>
Jrt P  O
rH rH rH rH rH
MO VO VO MO VO<r <r <r <r -u
o  o  o  o  o  o
ON f i  KN CU UN O
UN ON UN O  
1 7  N  CM CM
UN O  
rH rH
o a o o o a o o o  
O  f i  f i  ON f i  KN Cp UN O
O  < r  ON UN ON UN O  UN o
KN CM CNJ CM rH rH
O O O O O O O O O  
O  f i  f i  ON f i  KN CO UN O
O * < r  On u n  On un  o  un 
KN CM CM CM rH
0)
fX
eg ai*G
CO
rH N  VO KN - 4  
M  4  I A  KN KN
o  o  o  o  o
fi fi fi. fifififififififififififififiC<fififififififi 
C M C M C M C N J C M C M C M C M C M H r H H r H r H r H r H r i r H C O C O C D C O C O C O C O
f i f i f i f i f i f i f i f i f i O N O N O N O N O N O N O N O N O N O O O O O O O
rH rH rH rH rH rH rH
p
• H
CD KN VO O f i rH VO VO O O ON ON KN
O rH VO KN f i O CM 00 a ; C ) 4 f UN VO KN UN KN UN VO KN ON
G  G
O •H'SR UN 4 t CO CO ON CM O f i VO 4J- KN CM rH CM KN a i VO < r
ex a
G  C  
•H
KN KN KN KN KN KN CM rH rH rH rH rH H rH rH CM rH rH rH
ON CM O  KN 
ON CM ON CO
4T 4 f  UN KN t A  rH ON 
f i  ON ON 4T UN UN VO
<r
rH
CM CM KN 
rH rH rH
CO vO UN 
rH rH rH
KN CM 
rH rH
UN < r rH rH KN ao v o f i rH UN 4T rH rH KN co MO f i iH UN 4T rH rH KN Q0 VO
UN o O UN UN O Q VO VO KN f i f i CM KN ON o MO VO KN f i f i CM KN ON o vo M0 KN f i f i CM
UN ON o KN ON ON UN rH UN UN UN ON ON UN CO 4 f H UN UN UN ON ON UN 9 4T rH UN UN UN ON ONON CM CM CO 4}- CM UN f i UN O 4 f f i ON H KN - J f i UN O 41- f i ON rH KN f i UN O 4T f i ON rH(X •
O O O o O O < r UN VO VO VO VO f i f i f i 4T UN VO VO VO MO f i f i f i 4T UN MO VO M0 vO f i
H H rH i—] rH rH H rH 1 i—I rH rH rH rH rH rH rH H (—i rH i—i rH rH rH rH
f i UN CO ON O O MO O rH f i UN CO ON O O VO O rH f i UN CO ON O o MO
O o o o O O o f i rH KN O CM UN rH < r o f i H KN O CM UN rH 4 t O f i rH KN O CM UN
UN f i ON ON f i f i CO CM CM O f i CO UN rH ON ON CM CM O f i CO UN rH ON ON CM CM O f i 00 UN (—I
f i CM rH f i < r CM KN UN O KN KN CM O f i CM f i UN O KN KN CM O f i CM f i UN O KN KN CM o f i(X 't
O O o o O O <r vO f i CO ON O O rH rH < r VO f i CO ON O O rH H 4T M0 f i CO ON o o
rH H H rH H rH rH rH rH rH
KN VO O rH M0 vO UN O O KN MO O rH MO M0 UN O O KN M0 O rH M0 MO UN
O UN o o O O UN O O ON f i CM CM CM O UN O O ON f i CM CM CM O UN o o ON f i CM CM
o UN VO o CM UN MO ON ON ON CM VO CO MO O O ON ON ON CM M0 00 M0 O O ON ON ON CM M3 CO >o
UN CM rH f i O- CM CM UN rH CO VO KN O f i -d O UN rH 00 m0 KN O f i 4T o UN rH CO M0 KN O f i
(X
O O o o O O O H rH CM KN 4 f -d- UN vO O rH rH CM IA 4T 4T UN MO O rH rH CM KN 4T 4T
o O UN CO KN o v o ON O o O UN CO KN O M0 ON o O O UN CO KN O VO
O UN o UN O O ON < r f i CM UN UN o rH O ON 4 f f i CM UN UN O rH o ON 4T f i CM UN UN O
UN KN UN KN ON KN ON rH f i 00 O ON f i ON. KN ON rH f i 00 vO ON f i ON KN ON rH f i CO M0 ON f i ON
CM CM H VO KN CM rH O o rH KN UN CO H UN CO O o rH KN UN ao rH UN CO o o rH KN UN 00 rH
(X
O O O O O O O o o O O O rH H rH O o O O O o rH rH H o o o a O o rH
rH CO f i f i UN M0 rH KN O rH CO f i f i UN M0 i—1 KN o rH CO f i f i UN MO
CM O O o CM UN O O o KN O < r f i CM ON O O O KN O 4T f i CM ON o O o KN o 4T f i
UN i—i UN ON VO i—[ O O O o O rH CM < r 00 CM O O O O rH CM ■4T 00 CM o O o o rH CM 4T
IX CM rH UN KN CM rH O O o O O o o O H o O O O O O O O H o O o o O O o
d d o o O O o o d d o o o o d d O o O O O o d O o o o o o o o
CU
P
CU O
P  5=4
ON O  rH CM KN 
O  rH rH rH rHi—I i—i t —I i—C i—C
<r
rH
UN V O f i C O O N O r H C M K N - C T U N v O f i C O  ON O  H  CM KN Ht  UN CO f i  CO UN 
H r H H r H r H C M C M C M C M C M C M C M C M C M C M K N K N K N K N K N K N K N K N K N K N  rHrHrHrHrHrHrHrHrHrHrHrHrHrHrHrHrHrHrHr—IrHrHrHrHrH
o O r N
G X  UN *H KN
a> CD f i <HvO
G CU ON -H On
CD rH rH G H
<H CD -—'
Cl> N v—-
ex 41- oa
& MO
ID ON G
O 44 H ID
G ID •H
3 N 3
O -H 4 3 O '
CO G P CO
G
o
<H bU
rH G G
•H G CU •
Xl O 3
W -  O K
Table 6 „1 contd.
-  9 9  -
<D
sra
a<D
a:
to
G >
•<H ra
10 rH
3  ra
o
1/1 ID
ID
ra
G IDXi P
ra
d 3=o <>
f t  f t
o o o o o o o oN 6 d\6 incoino O O O O O O O O OO 6 N 0i 6 MOinO O O O O O O O O OONf'OlStnCQiAO
■ j  on i n  o i  i n  o
f A CM CM CM
un o
H  H
<r cn i a  o \  i n  o
fA CM CM CM
t n o o n r c n i n c n i n o i n o o n r c n
rH rH fA CM CM CM H  <H
O O O O O 
oo 6 -  i a  i n  cn
fA O  O  A '" n .v  
nr (A CM r l  CM
(D
ra f t  
cn
C O C O O O O O O O O O C O C O C O C O C O l A l A l A l A i A l A l A l A l A C O C O O O O O O O O O C O C O C O
O O C M C M C M C M C M C M C M C M C M l A i A i A i A i A i A i A i A i A v D v O v O v O v O v O v O v O v O
f  j  7—1 7—1 I—1 I----1 I—I r --I 7—1 7—1 »—1 I—1 I—-J 7—1 711. 1 J—1 7—1 1— I 7—1 7—1 7—1 r—1 7—1 7—4 7—1 —1 7—1  -I( H r H r H ( H H i H r H r H H H H ( H i H H r H i H r H < H ( H ( H i H i H ( H r l  H  r l
<r in 6 n n 
IA IA IA i n  IA
o  o  o  O O
#
A
p
■H
ID
O
P
o
f t  a
fA in  cn rA CM
IA IA 6  CQ H
f A nr  O  00 o
r l  H  N  r l  r l
6 * nr CO 
00 O  H
lA iA nT 
r l  r l  rH
O  CO 
6 -  O
fA nr 
i—I rH
O  O  iH
nr
rH
r CM cn CM f A cn O 00 cn rH vO in t A nr rH nr A O O O O O
VO O'V f A VO OS rA VO f A cn nr OJ 0 1 H f A (X) O CO nr O H IA H
cn A vo LA nr nr nr in CM Ci A vo VO LA nr LA LA rH A IA rH LA
rH rH rH rH rH rH rH H CM CM H rH rH H rH H rH f A CM CM CM CM
to
G•H
ID
IDraft
a>
. t o  ra
p
Gra
o
Praft
*
t o
G
•H
X)
G
O
P,
IDra
:P
P
O
O
P
ra~
Pra
ara
-rH
o
iA
cnft
A- rH LA
ia  cn O
lA  00 nr 
fA nr A
A  A  nr 
rH rH rH
nr  rH r f  l A CO vO C i—!
v O l O h N N C M I A C n
la in  la cn cn in  oo~ - fA nrla o  nr a - cn
<A VO vQ vO vO A A A  
( H r H r H f H H H H r H
L A n r  r l  r l  m  O) vO 6  H
O  vO vO fA 6 -  6 -  CM (A Cn
4  d  i n  i n  i n  cn cn l a  co
6 - L A O n r  A- cn rH fA nr
n f i A i 0 i 0 v 0 i 0 6 6 6
i H r H i H r H r H r H i H i H r H
L A n T  r l  r l  K I  0 3  l O  N  r l
Q . L O i O t A 6 6 < M l A O C
• T H i A i A i A C n f f i l A f f l
6 l A O < r N ( J \ r i l A 4
n r i A c D U ) l 0 L0 6 6 N
i H r H r H H r H r H r H r H r H
O  O  
O  O  
O  O  
O  rH
O  O  
O  O  
O  O  00 O
rH CM fA nr CM
LA
Aft
O  rH A  
H  nr O  . 
cn cn cm cm o
i a  co cn o  
A-  H  fA O
CM A- un O
_  A  — 
fA (A CM
O  vo
_  cm i n
CO i n  rH 
O  A
r f  iH nr 
rH rH
vo A  co cn o  o
rH iH
o  h  a  i n  co cn  o
rH nf  O  A  H  fA O
cn cn CM CM O  A  CO
CM A  LA O  fA fA CM
r l  i—I nT VO
iH H
O  vO
_  c\j i n
 to if! r i
O  A
A  oo cn o  o
rH rH
O  rH A
H  nt  o  
cn cn cm
CM A  LA
!—i <—i nr 
rH rH
i a  co cn o
A  rH fA O
O  A  _
fA fA CM
O  vo 
_  CM lA  
CO l A H  
O  A
vo a  oo cn o  o
rH rH
O  rH
i—I nr 
cn cn 
CM A
rH H
O
O
O
cn
o  
o  
o
vD O  vio
o  o  
o  o  
o  o
O  rH rH ' CM i—I
o
LAft
O O r A v O O t H v o v O i A O O
C M O i A O O C n A C M C M C M O
o o c n c n c n c M v o o o v o o o
H r O L A r H O D v O r n O A n r o
f A v O O t H v O V O u n O O  
L A O O C n A C M C M C M O  
C n c n c n c M v o c o v O O O  
LA rH CD vO f A O A n T  O
l A V D O r H v O v O L A O O
L A O O C n A C M C M C M O
c n c n c n c M v o a o v o o o
l A r H O O v O t n O A n r O
l A v O O H H C M f A n r n r i A v O O i H C M I A n r n r i A v O O i H i H C M f A n r n r i A v o
O O O O OO O O O O
l A  LA lA  lA  i A
A  A  A  A  A
o  o  o  o  d
i n
CM
f t
c n o o o m c o r n o v o c n o
H O C n n t A C M L A L A O r H O
fA cn rH 
LA C0  O
A
o
c o v o c n A c n i A c n c n
iH h  o  o  a  o
fA l A 00
o
rH l A 00 rH
LA 00 f A  O  
a  <m  n  i n  
co v o  c n  A  
r i  I A  i n  00
vo cn o  o
O  H  O  o
cn tA cn cn
iH LA 00 H
O  LA CO f A O
nr A  CM tA i n
A  CO VO cn A
o  h  i a  m  co
vo cn o
O  rH O
cn .i a  cn
rH  I A  00
O H r H r H O O O O O O r H O O O O O O r H r H r H
O
O
LA
O O O O O O 
A
O  
O  
i n  l a
VO LA IA CM (A
o  o  o  o  o
LAft
rH tA
cm cn
CO CM 
O  rH
A
IA
O
O
LA vO 
nr A  
CM nr 
O  O
rH ( A  O
CM cn O  
00 CM O  
O  i H O
CO A  
O  fA 
O  O  
O  O
i n  v o  
nr  A
rH fA
cm cn
CO CM 
O  r t
LA vo 
nr A
rH I A
cm cn
CO CM 
O  H
O O O O O O O O O O O O O O O O O O O O O O O O O O O O O
o  o  o  o  o
o  o  o  o  o
LA cn VO O  IA
m  CM rH rH CM
c> o  o  a  cd
ra
p
A
O r H < M f A n r i A v O A c g c n O H C M f A n r i A v O A C O C n O H C M r A n r * t A v O A - C O  
nT nr  nT nr  nT nT nr*  n T n r n r  L A L A L A i A L A l A i A L A L A i n v O v O v O v O v O v O v O v O v O
r—4 7—1 p -j f—f f—•{ {“ I  r—4 f—t r—4 f-1  i—4 t—4 r—4 t—4 r—4 i—1 r—I #—1 *—1 >—I ►—1 t—1 t—I —4 J t—4 t—1 >—4 <—1H r H i H r H r H r H r H r H r H r H r H r H r H r H r H r H H H r t r H H r H
cn O  H  CM fA
vD A  A  A  A
rH rH rH rH rH
ra
o <H t A
G ‘HVO
ra •h  cn .
P
ra EH'—
<H
ra
f t
p
ra ra
o
P 3
3 o’
o CO
CO
H
u
a
n
g
,
fA
A
cn
rH
XI
3
O
A
Table 6.1 contd -  -1 0 0  -
L
w
15ra0ra
P
TJ bfl •fi a x o ra ra
o  3  TJ  O P fi 
«  H  pC +> ra
•ri 'ri rH S O ra +h 
P  ra -p  ra o fi P fi ra wrap
cnunocMOcncncMtocncococolOM(OSM<ftsCOCM(MOIC\NtomcMmcnmHCMcMCMCMfnrH
rHCOrHCnCnrHO'lOCninribC-irvmCO 
cm <r bn tn cn co m to kv tn cm o c-. in to ri
rH CM rH rH rH CM rH C\J rHCM
ra
ra p  
to
ONiMNOcofflincoiciH'inm
v O t o t o m t n C M C M C M C M C M C M C M r r i
0 0 0 0 0 0 0 0 0 0 0 0 0
O O O O O O O O O Q O O O O O O  
CO t or H t o C O H b n v O i n v O C O o oo vo cn cn vo
inunmunmintotototototototoirvto
H r l r l r l r i d r l r i r i r l H H r l H r l H
•P
•riraofio •5 m
p  a
fi*
vOH 6-ir\rHtoHHHtoCOCOO
cncncncMcncMconcocMmbnHcMCMCMCMcMfncMtncMfnmcnfn
fntoOcnocMcMQOrrivocnvotnovorri
voooooiiHCMf-oocncnoovoricoco
H H C M r H C M C M H r H r H r r i C M C M H H r H r H
0 0 O O O un O O O O 0 O O O O 0 0 0 0 O 0 O 0 O 0 0 0 0 Oi n cn m VO t o CM CM O O O un vo O O O O 0 0 0 0 O 0 O 0 O 0 0 0 0 Ocn 6 - i n O H n t o O CM O vo m vO O i n O un 0 n 0 O n O 0 O 0 0 0 0 OP
0 0 H H O O t o H CM CM CM O n CM CM 0 00 6 - 6 - rH rH O CO 00 t > CM 0 O r ibn bn bn r r i H rH bn bn bn rH rr i rH bn bn i<n rH
0 0 O O O O O O O 0 0 O 0 0 0 0 O 0 O 0 0 0 O O O 0 0 0 On CM CM cn CO i n 00 co CM un 0 bn un bn 0 0 0 O 0 O 0 0 0 O un O 0 0 0 Oc—• £N t o vO O bn CM m 6 - cn 6 - cn <r CM rH 0 0 O 0 O 0 un 0 O O cn 0 0 0 i n
P
O 0 O rH 0 O rH O 0 iH 0 0 CM 0 00 bn O cn 6 - 00 i n CM O O vO 00* to- H 0
CM H rH H rH rr i rH rH rH rH rH rH rri
O 0 O O 0 O O O 0 O 0 0 0 0 O O O 0 0 O O O O O 0 O O O O0 00 vO 6 - cn rH bn VO i n CM O t o 6 - CM 0 O O O 0 0 O O O O O 0 O O O Oi n vo t n n 6 - m CM 6 ~ i n vo rr i vo bn 0 n O O O co CM O O rH O rH H 00 CM O OP
O 0 0 O O 0 O 0 0 rH 0 0 rH CO VO t o un CM* CM 00 i n bn un cn CM 6 - un bn n
O 0 0 O O 0 O 0 0 O 0 0 O 0 O O 0 O O O 0 O 0 O O O 0 0 0i n t o 0 i n O i n CO i n 0- 6 - O 6- 6 - O 0 O O 0 cn O O un 00 0 00 CO O 0 i n 0CM VO m t o m CM r-4 t o t o cn 6- bn CM «n 0 r r i vO vo m t o CO 0 vo 0 vO t o t o C— t o VOP
O 0 O 0 0 O 0 O 0 O 0 O O CM H O 0 0 O H rH O rri O O rH 0 O 0
O 0 0 0 0 O 0 0 0 O 0 O 0 to O m 0 0 CO O m O un O O O i n 0 0m m cn CO co i n CM i n iH CO O vo un 0 6 - un t o n t o KY CO 6 - i n 6 - vO i n bn CM CM bn
P m rH. rH rH rH rH rH CM t—! bn rH rH CM O O 0 0 0 O 0 O O O O 0 0 O O 0
0 O O O O O O O O d O O O O O O 0 0 O d O 0 O d d 0 0 O d
bOfi
•ri,WWra
pra
bOra
craofira
Po44
bOfi■ri
TJfiO
P
wrafifio
o
to mvor-cocnOriCMtntoinvo 6-6- 6-6- 6-6-COcOCOCOCOaDCO
H H r i H H r i r l H r l H H r i r l
6 C 0 ( n O r i W K \ t o i n v 0 6 ! D > O Ncocococncnmcncncncncnovcn
H r l r H r i H H r l r l H r i r i r H r l
O
o
CM CM CM
rH CM
o  o
m
6 -cn
rH
OVO fi 6-
ra cn
Wr i
ra44firaOO
P
Table 6.1 contd
-  101 -
O  KN C\| CO O  O  ' rH UN
K N H C M f i O - d v O O  
CM CM H  H  CM rH rH
<DQi
co PC xs
CO
0 0 0 - 0 0 0 0 0
O N C M ' d V O C O K N U N C O
- d U N f i f i f i f i f i f i
H r H H r H r H i H H r H
£■HWo •a -h-jR
G
KN fi CM CM UN -d 03 vO
KN UN UN VO f i f i
CM CM CM CM CM CM
toG•H
CDW01P
bQ
cflPGa>oG
CDPOP
bOG•HxlGo
p .w
CDGGOO
G
CDP
CD
UN
ONP
O
O
OfirH
O O O O O O
O  O  ON CM 
KN KN CM rH
UN
P "
o  o  
o  o
o  
_ o  CO o
ON VO CO
rH
O O O
O  O  o
UN ON KN
rH ON f i  vO UN
O
UNP
O O O O O O
O  O  O  O  UN o
O  O  UN O  O  UN
o  a
O  UN O O
K N C M V O U N C M - d K N C M
UN
CMP
O  O  O  O  o  o
KN ON UN UN UN O
- d  CM f i  O  f i  O
O O r H r H O r H O O
UNP
O O O 
CM CM VO O O O
UN O  UN O  
KN - d CM CM
O  O  o  oo o o o o o o o
K N - d U N v O f i C O O N O  
O O O O O O O r H  
CM CM CM CM CM CM.  CM CM
<H
CD(X
<D
O
G
3
OCO
G-"' 
OVO G fi 
ca on
P H
os'""
WPG01
X>
oPC
Go
P ’
«
oPC
Table 6 !  contd.
-  102 -
10
0
RO
SI
.N
-R
AM
ML
ER
 
SC
AL
E 
of 
LOG
 
100
-W 
AR
IT
HE
TI
CA
L 
SC
AL
E
100 
90 
80 
70 
60 
50 
. 40 
30  
20 
10 
0
too r
2 0”
10
UJ 5
<Oin
u 
2
£  1 tr
<  0-5
IDo
2 --
UJ
<
to
>- I—
CD<COoa:CL
0-1 X
99^5 
99 
98
9 5  
90
80
99-9 r
50 ”
10 -
5 -
2 •
1 - 
0-5-
0-1 X
99*9- 
99 : 
95 - 
90 ‘
-8 Z 5 6 0 0 0
-  6 • -128-000*
- 4  - 6 4 0 0 0
20-
ID-
5
2 + 
1
0-5
UJ_»<Oin
x
CL
- 2 4-000
0-000
0 -2 5 0
4 - -  0 0 6 2 5
0*1 X
Figure N°6-1aVarious Scales of Particle Size Distribution,
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integers of the 0 scale coincided with the Wentworth class limits.
The Rosin - Rammler scale is only suitable for distributions of 
particle size which greatly depart from the log-normal distribution. 
The scale was developed, Rosin and Rammler (1933), as a device for 
studying the laws which govern the grinding of coal, where the 
parameters are carefully controlled and the size range is small.
A further disadvantage to its general application is its use of 
log-log, which makes for. over condensation of data and complex 
calculation of statistics.
Krumbein (1934) discussed the advantages of the cumulative 
frequency curve over the frequency curve and histogram. While a 
histogram is a good pictoral representation of a discrete 
distribution its apllication to a continuous distribution can give 
a misleading picture depending upon the class interval selected.
The frequency curve is a generalized form of the histogram and 
preferred for continuous data. It has however, only one advantage 
over the cumulative curve, that of the mode being clearly identified, 
unlike the cumulative curve where the mode must be visualised
from changes in slope. However, the cumulative frequency curve does 
allow for the determination of the total percentage of grains 
greater ..or smaller than a particular diameter from a single 
ordinate, and the difference of two ordinates yields the percentage 
of material between the two corresponding values of the diameter.
It is the facility of easily abstracting data from a cumulative 
curve that makes it the preferred method of so many standards, today.
Initial Analysis
The study of the literature dealing with the relationship between 
particle size, shape and porosity indicated that statistics of 
spread and skewness of size distribution were important influences 
upon porosity. There is much evidence to show that the coefficient 
of uniformity is loosely related to minimum porosity and that the 
coefficient of curvature has no definite relationship, Gupta and 
McKeown (19 73) and Johnston (1973) . It was thought that using the 
statistics of a log-Normal distribution, good correlation would be 
obtained and that shape could be applied as a 'correction' to the 
resultant equation. To this end it was decided to attempt a
- 104 -
Median Md = P^q
Inner Spread Spi = 
Outer Spread Spo =
Inner Skewness 'Ski =
Outer Skewness 'Sko =
\ r  7S — J
2
(P35 - P s  )
(P<2£
2
+ P 75 )
( .2. )
(PzS - P 2 s)
2
(P5 + P3 5  )
-  P 5 0
1
(Pt?^  + T? 75 )
1____ 2 , j
Other Statistics
Mean B]_ ^ (P+2 5 + ~Prs ) „ (Pd* + P^5 )P50 + ( 2 ) 2 < 2 >
Spread B2 — h (Spi + Spo) .................... . (0 — B2 <  )
Skewness 'B3 = ^ ('Ski + 'Sko) ....................  (-1== B3 ^  +1)
Kurtosis B4 = [Spo — ppA.) ^ ( Spo )
platy kurtic
'b5 = ('Ski - «Sko)
(0 ^  B4 <  1)
( - 1  ^  B c ^  + 1 )
Note: P-^ q is grain size at 50% passing.
Table 6.2 Particle Size Statistics used to correlate with Porosity
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correlation analysis using the various statistics given in Table 
No.6 .2. All size measurements are to be applied as logarithms 
and it was also found that better results were obtained when 
logarithms of porosity were used. These statistics are not unlike 
those used by Folk and Ward (1957) and given in Table No.6 .3. 
However, it was soon found more useful to simplify the skewness 
statistics to
Inner Skewness Ski
Outer Skewness Sko
P75 “ P50 
P50 " P25
P75 + P25
= P95
P + P 75 25 - P,
and
B0 = ^ (Ski - Sko) .........  ( o ^  B „ <  )o o
Bc = ^ (Ski - Sko) ............... ( o ^  B_ ^ )
5 i 5Note: Sk = 1 + Sk
1  - *Sk
The data given in Table No.6 !  was split into three parts;
(i) that due to Burmister, upon which are based his important 
conclusions of particle size distribution and porosity - 
Data Nos!7 - 54;
(ii) that taken from a commerical laboratory from an actual road
project in a desert area - Data Nos.l - 16;
(iii) that from 18 different published research papers - Data 
Nos.55 - 114.
/The data Nos.115 - 210 was used in a later analysis.
A stepwise multiple regression technique was used to examine the 
possible correlation between minimum porosity and the particle size
statistics given above. The analysis was carried out in the
Department of Mathematics, by Dr.Trevor Sweeting.
The correlation coefficients for the dependent variable of log in ■^e m m
(percent minimum porosity) for the various statistics considered 
above, are given in Figure No.6 .2, in the form of vertical bar chart
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Mean Size M0 = 0 /<s + 0 s o + 0 84 3
Standard Deviation w . . w . ^---- ------------ — C/TT = 0 8^ - 0 /<£ + 0^5 - 0 i
^ 4 6 . 6
In normal distributions the spread between 16th and 84th, 
and 5th and 95th percentiles is 2 and 3.3 respectively.
Limits of q — • found are 0.20 and 8.00.
0
Skewness Sk = + +  +- ^  "■ +  2 (0^ - 0 t 6 ) 2 ( 0 SS - 0 S )
negative values indicate a tail of coarser grains.
Limits of Sk are +1.00 and -1.00
^ r t o s i s  Kg = )
In normal distributions the spread in 0 units between 5th 
and 95th percentile is 2.44 times the spread between the 25th 
and 75th percentile.
Thus Kg = 1 normal
Kg = 2 leptokurtic (excessively peaked)
Kg = 0.67 platykurtic (deficiently peaked)
Note: 0x is the diameter corresponding to x% passing in phi 
units. 0 = -log2 diameter.
Table 6.3 Particle size statistics used by sedimento logists
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Figure N°6-2 Bar'Chart showing Correlation Coefficicient for
porosity against size distribution statistics.
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The combined data of Burmister and the commercial laboratory,
Figure No.6.2.(c) agrees well with what is considered an important
factor affecting the porosity of cohesionless soils, i.e. the
range or spread of particle sizes. This can be seen, not only from
the good correlation of the various spread statistics but also from
the influence of the 'tails' (P._ and PrtC) of the distribution. Thiso y o
set of data clearly shows that particle size per se has no influence 
on the minimum porosity. The influence of spread is also apparent 
in the data of Burmister (Figure No.6 .2(a)) and to a certain extent 
in the research data shown in Figure No.6 .3(a). The data from the 
commercial laboratory Figure No.6 .2(b) shows little concurrence.
The main reason for this is thought to be the small sample size 
of data (i.e. 16), which considering the greater variability 
anticipated from a field laboratory the results failed to detect 
significant trends. A further factor may be that the influence of 
particle shape is of more importance than initially considered. It 
is known that the data of the commercial laboratory was obtained 
from a road project through desert terrain where gypsum occurred in 
varying quantities. These angular crystals would influence the 
minimum porosity to some degree and possibly account for the great 
dependence upon particle size found, especially as the spread is 
small (uniform sands). At this stage the prediction equation 
found, which does not consider shape, is:
log (minimum porosity %) = 3.66 - 0.25 (Spo) + 0.09 (Sko).s
the residual standard deviation is 0.0367 which is equivalent to 
about 8% predictive error.
It was decided to abandon the data of the commercial laboratory and 
much of the research data and search for data where the shape has 
been numerically defined, such as that of Edil,'Krizek and Zelasko 
(Data Nos. 102 - 113). Analysis of this particular data is shown 
in Figure No.6.3(b). It can be seen that for the uniform materials 
tested shape has a most important influence upon porosity.
The data of Huang, Squier and Triffo (1963) consists of six groups 
of particles of different shape and each group contains nine gradings 
prepared in accordance with the Fuller formula of
, n v m
p = 1 0 0 varying m from 0.20 to 0.60.
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Figure N °6-3 Bar Chart showing Correlation Coefficicient for poros ity
against size d is tribu tion  statistics.
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Correlation coefficients for porosity against the various size 
distribution statistics are shown in the vertical bar chart of 
Figure No.6 .3(c). Somewhat surprising is the constancy of the 
influence of size and spread, and also of skewness and kurtosis 
upon the porosity. In fact it is found that
m «  — Fspread
so that for the class of curve (Fuller curves) analysed by Huang 
et al the skewness and kurtosis is constant and independent of the 
exponent m. It should be therefore possible to plot porosity 
against spread (say B^ ) instead of m. This was done in Figure 
No.6 .5 for the data of Huang and Burmister. The incongruency is 
thought to be due primarily to different methods of compaction, but 
factors such as type of material may also be responsible. 
Notwithstanding, the plot does indicate the lowest value of the 
minimum porosity^ which corresponds to the Fuller exponent m=0.50.
Figure No.6.4(a) and (b) show the vertical bar charts of the size
distribution statistics and minimum porosity for two further sets of
data, that of Youd (1973) and Rolston, Roberts and Baron (1976).
The examination, of all the vertical bar charts of Figure Nos.6 .2,
6.3 and 6.4 indicates that there is no clear pattern between the
various sets of data. The comparison of coefficients of correlation
derived from different sources of data is not a valid statistical
technique since the coefficients are dependent upon the input data,
i.e. the data of Edil et al show low coefficients of correlation for
spread because the data has virtually no spread. However, for the
purposes of examining the usefulness of the statistics proposed in
Table No.6 .2 this technique is regarded as being fruitful since
the search for a universal equation requires that reasonably good
correlation be formed consistently from all sources of data
*
examined. It is the failure of finding such consistency and after 
carrying out further statistical tests that it was decided to 
abandon the statistics of particle size distribution attempted and 
search for another approach to the problem.
Referring back to the Huang, Squier and Triffo (1963) data where 
skewness and kurtosis are constant and the effective variables are
4
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- Youd Data . Data Nos 169-186 Roundness =R
100 -j 
80 •
60 •
j
| Figure N°64 Bar Chart showing correlation Coefficients for porosity
* against size distri bution statistics.
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only the spread, the shape and minimum porosity, represented by the
exponent (m), particle index (PI) and values of nmin respectively
The lowest value of nm^n correspond to about m = 0.5. It was 
decided to borrow an idea from the. Kolmogorov - Smirnov
distributional test and compare the maximum vertical distance (D )
between the grading curve and the ideal Fuller curve of m = 0.5,
which passed through its median. A similar approach, but applied 
differently, to a cumulative particle size distribution was used by 
Dudley (1977) for comparsons of soils in forensic work. In fact 
for a Fuller curve with exponent m the maximum vertical distance
(D^ ) is given by
_ . 0-2 (0 .5-m) _ . _ cD = 1 - 2 for m < 0.5
or - (m-0 .5)
D = 1 - 2  m for m > 0.5v
When D is plotted against n ■ a smooth curve results as shown in v m m
Figure No.6 . 6  using data from Huang et al (1963) for constant shape. 
It was decided to investigate the possibility of other non-Fuller 
particle size distributions following a similar relationship with 
perhaps shape being quadratic. Burmister*s data was given a 
roundness value of-3, but it was necessary to change the particle 
index into Powers1 scale of roundness as used by Youd and reproduced 
in Figure No.5.4. A comparison of micrographs given in the papers 
and Powers' silhouettes was used as a check against statistical 
adjustments made on the average values of the available data.
After much analysis and plotting, the final equation was found to
involve cubic terms both in D^ and (1 - R). In retrospect, this is
not unreasonable since in the measurements of porosity both shape 
and particle size distribution affect the volume. The equation 
found is of the following form *
n = M + (anD + a0D 2 + a,D 3) + b(l - R) 3 1 v 2 v 3 v
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where ri is predicted minimum porosity 
M a constant dependent upon the 
method of compaction 
Dv is the maximum offset 
a^,a2 , , and b are coefficients to 
be estimated from the data.
Combining the data of Burmister, Huang, Youd and Rolston, Roberts 
and Baron, data Nos. 16-54, and 115-210, the following estimates 
were obtained, the standard deviations are given in parenthesis.
ax = 0.07941 (0.008)
a3 = 1.36715 (0.0633)
b = 0.37593 • (0.0196)
For a2 a very small and statistically insignificant value was 
obtained, and so a2 was set to zero to simplify the equation 
slightly (the above coefficients are estimates when a2 = 0 ).
The value of M depends on which authors1 data is being 
considered. The repeated straining densification method of 
Youd, which has the shape determined, gives M = 0.10559 (0.0075).
From Rolsten et al (1976) it is possible to estimate M for 
various types of compaction and these are given below for dry 
tests.
Procter Heavy Compaction (AASHTO T-180)
Dry Test M = 0.05807 (0.00768)
Vibratory Hammer Test - .
Dry Test M = 0.04044' (0.00768)
Gyratory Test
Dry Test M = 0.1657 (0.00768)
For the Maximum Density Test (ASTM D-2049) much variability 
was found in the data which also gave the highest porosity 
values. This seemed contrary to what is found in practice 
generally, and the value for M was not determined for this 
method of test.
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The residual standard deviation is 0.018, that is (n - n ) will be
less than 1.96 x 0.018 = 0.0351 at the 95% confidence level. For
example if n . = 31% then 27.5%< n . <34.5% for 95 out ofm m  m m
every 100 times. Tavenas, Ladd and La Rochelle (1973) carried out 
a comparative test program of 41 laboratories in the U.S.A. and* the 
accuracy obtained in terms of porosity is given below. The values 
in parenthesis show the theoretical values that would be obtained 
using the means of the comparative study and the standard deviation 
of 0.018.
Test Method
95% confidence limits
Fine Sand Gravelly sand
Modified Proctor 28.59 - 33.29% 18.34 - 24.66%
AASHTO T-180 (27.43 - 34.45%) (18.00 - 25.02%)
* mean 30.94% 21.5% !
Maximum Density 27.63 - 33.51% 14.10 - 24.40%
ASTM D-2049 (27.06 - 34.08%) (15.74 - 22.76%)
*mean 30.57% 19.25%
^Specific gravity of 2.65 assumed.
It can be seen that in general laboratory estimates are better (by 
about 1 % coefficient of variation) but the effect of test method 
and material can cause greater variability on occasion, as in the 
case of the gravelly sand using ASTM D-2049.
Of course the true value of this method of estimation can only be 
obtained from a careful and.extensive laboratory comparative study 
using a wide range of materials. An attempt was made using the 
data of Edil et al (1-975) which was not employed to develop the 
equation, and the result is plotted in Figure No.6 .7. There are 
many reasons for the deviations noted. In this comparison no 
attempt was made to change the Krumbein roundness to that of Powers' 
and also the data of Edil et al is based on a vibrational technique 
to obtain minimum porosity which does not give as high a density
- 116 -
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Figure N°6-7 Comparision of Estimated and Actual minimum poros ity
Data from Huang et al (1963)
Constant shape
Figure 6-6 Relationship, between maximum offset & minimum porosity
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as the method of Youd, used in the graph. Notwithstanding, Figure 
No.6 .7 shows reasonably good correlation. All the samples tested 
by Edil et al had a uniformity coefficient of 1.2 which shows that 
the proposed method is superior to using uniformity coefficient 
alone to estimate minimum porosity. It should also be pointed out 
that the measured minimum porosity values are subject to error 
themselves so that the standard deviation of 0.018 includes a 
component due to measurement error, and the actual standard 
deviation of 'the predicted values is-less than 0.018.
The uniform gradings of Edil, et al are useful for examining the 
influence of shape upon the estimated porosity value. In Figure 
No.6 . 6  the poorer correlated values have been adjusted by 20% and 
5% to more angular for the rounded Ottawa Sand and the angular 
Franklin Falls sand respectively, and found to give almost perfect 
correlation. As a result it is clear that the estimated porosity 
is very dependent upon the accurate measurement of shape, 
particularly for uniform size distributions.
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CHAPTER 7
CONCLUSIONS AND RECOMMENDATIONS
Conclusions
From the evaluation of the.classification.of cohesionless soil given
in this thesis the following salient conclusions ire made:
1) As a result of the late development of the study of soil 
mechanics, engineers borrowed from or applied directly systems 
of classification developed by agriculturalists and geologists 
without taking into consideration the particular needs of 
engineers. With the development geotechnics these systems have 
been modified to suit the needs of the science, but no 
quantitative system has been proposed for disturbed cohesionless 
soils which embraces the requirements of engineers.
2) The qualitative classification of cohesionless soil is not a 
geometric scale, that is the size grades do not have equal 
significance. This is deprecated for two reasons:
(i) There is no engineering reason for such an anomaly.
(ii) There has been two opportunities to correct this (a) when 
B.S*. 1377 went metric in 1975 and when CP2001 was revised 
to B.S.5930 in 1981.
A geometric scale which slightly modifies B.S.1377 is proposed 
in this thesis.
3) A review of cohesionless soil as a particulate system has 
revealed the importance of the scale of densities upon its 
engineering behaviour. It is thought that the critical density 
would be a useful numerical definition for cohesionless soil, but 
no simple test with high reproducibility has been- found to 
determine it. A simple test for maximum porosity does 'exist.
Test variability between laboratories is much better than for 
minimum porosity determinations i.e. 2% instead of 5% coefficient 
of variation. Thus it has been concluded that if the maximum 
porosity test is standardised it will serve as a basis for 
definition.
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4) The minimum porosity test, even if standardised has poor 
reproducibility as a result of test methods reacting differently 
upon materials of different hardness or shape, even though 
essentially having the same grading. All too often researchers 
have aimed to literally determine the minimum porosity and have 
modified their test methods to obtain low porosity. Such 
differences in test method constitutes a systematic error and 
cannot be treated statistically unless a known basis is quoted 
and a correction applied. It is concluded that the most value 
of a numerical classification of cohesionless soil would be 
derived if the minimum porosity is determined empirically, using 
the parameters of particle size and shape.
5) The precision of such a method in practice will depend upon the 
accuracy of the determination of the particle size distribution 
and shape. Sieving has an inherent difficulty in that its 
precision depends upon conflicting requirements of large samples 
and small sieve loads. However, if standards are rigidly 
adhered to, coefficients of variation within 5% are possible.
The determination of particle shape is much more of a problem. 
Various definitions and methods of measurement have been 
proposed, but it still requires much research to determine a test 
method which will either (i) determine rapidly the shapes of the 
various grade sizes and then to determine the relevant weighted 
shape, either on a proportional or engineering basis? or (ii) 
determine the 'shape' en masse of the grains of a sample of 
cohesionless soil, for both coarse and fine aggregates alike.
Since this is still a long way off, this thesis has applied the 
roundness scale of Powers, using silhouettes. Determinations 
are to be made on the modal size or sizes only. The precision
of this method is estimated to have a 'between operator'
coefficient variation of 2.5%for R = 1 to about 12.8% for R = 0.2. 
Rosenfeld and Griffiths (1953).
6) It was found that normal distribution statistics are inadequate 
parameters to correlate with minimum porosity and that the final 
equation involves cubic terms. The equation proposed on the
basis of the data available is
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n = M + (a D +a D 2+a_D 3) + b(l - R) 3 1 v 2 v 3 v
where n is the estimated minimum porosity
M is a constant dependent upon method of 
compaction
is the maximum vertical distance between the 
grading curve and the 'ideal* Fuller curve 
which passes through its median.
R is Powers1 Roundness
al' a2 ' a 3 a n 8 8 are coefficients estimated 
from the data. The following values were 
obtained in this research 
ax = 0.07941
a^ = very small and set to zero
a3 = 1.36715
b = 0.37593
M =0.05807 for AASHTO T-180 dry
Compaction
7) The residual standard deviation is 0.018. It is estimated that
the equation yields a minimum porosity with a coefficient of 
variation of about 1 % greater than current 'between laboratories* 
variation. This variation is considered acceptable since given 
the same data all engineers will produce the same result. The 
method therefore provides a stable datum of communication between
engineers. The precision of the method is dependent upon the
accurate measurement of particle size and shape, in particular, 
particle shape.
8) It is concluded that the method of estimation of minimum porosity 
gives a numerical meaning to the^particle size distribution curve
. which is superior to the coefficients of uniformity or 
curvature currently in use. It remains to test the validity of 
defining a land unit using the minimum porosity or some 
combination with maximum porosity, in order to fully appreciate 
its value in statistical applications to site investigations.
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9) The maximum vertical offset (D ) as measured from the
coincidence of the median of the ideal Fuller curve and 
the grading under consideration has a range between 0 and 
50. Zero corresponds ‘to the ideal curve for maximum 
density and 50 to single size material. This range 
encompasses material of the highest and lowest stability. 
Therefore for material of the same shape and compaction 
method the offset (D ) may prove to be a useful indicator 
of strength and compressibility. It is intuitively concluded 
that research may reveal the offset (Dv) as an important 
factor in the mechanical of cohesionless soil.
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Recommendations for Further Research
1) The equation developed is a first approximation which will
need refining as further data is available. Such modification 
must be made with caution. The examination of the use of 
normal statistical parameters has shown that one set of data 
may indicate the importance of one parameter only to be 
refuted by another set of data. It must be remembered that 
the method only employs two factors, 2-dimensional shape 
and size, out of several factors which influence the actual 
value. Then too, porosity is an average of many porosities 
within the mass.
2) It is hoped that the method will stimulate research into
the measurement of particle shape. It may be that the
equation itself could form the basis of a method for the 
bulk determination of shape of multi instead of mono-sized 
material. Perhaps using porosity in combination with dry 
viscosity, similarly to the work of Hopkins (1971).
3) The method of estimation of minimum porosity uses the
parameters of size and shape, combined. Virtually no work 
has been done to establish the significance of this upon 
the definition of a land unit. Intuitively it is thought 
that scale will be an important factor, perhaps more so than 
the plasticity index is in this respect of cohesive soil, 
which would affect the desirable mapping scale of projects 
in areas of cohesive and cohesionless soils, respectively.
4) It is recommended that research be carried out to determine 
the significance of the maximum vertical offset (Dv) as a ■ 
factor for indicating strength and compressibility of 
cohesionless soil.
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